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INTRODUCTION 

The U. S. Water Conservation Laboratory (USWCL) Annual Research Report is intended to descnie progress on our 
research pmjects in 1995 and plans for 1996 and beyond. Our targ& r e d i g  audience includes upper level management 
within the Agricultad Research Sezvice, other ARS research locations and entities involved in natural resources research, 
and our many collaborators and cwperntors. It is our intent to keep the individual reports short but informative, focusing 
on what is being done and why, the problem, objectives, appro~ch, brief results, future plans, and cooperators involved 
in each program. We want to make sure that the product of the research and its cootniutioo to water conservation are 
clear to all. 

This year we have intensified our efforts to identify our clients, inform them of our research, and benefit from their 
insights. The identification process started in Februzuy, after our 1995 Annual Research Program Review and Planning . . meeting. In October, as part of our Annual Science and Engineering Open House, targeting science shldeots from local 
high schools, we held a special open house for farmers, the media, state legislators, staff of the Arizona congressional 
delegation, representntives of Arirona state agencies, irrigation districts, private enterprise, Md the general public. About 
50 attended. The 1996 Annual Research Program Review and Planning meeting will be a continuation of the effort, in - which we will host a broad cross-section of persons interested in our research program. These t y p  of activities, along 
with the Annual Research Report, iiU provide opportunities for us to teU our research story and to assess and make our 
program more responsive to identified needs. 

Additional permanent Wing was directed to the USWCL in 1994 to increase research on the application of technology, 
part of which is to focus on the utilization of remotely sensed data to aid farm management. Mr. Edward M. Barnes, 
Agricultural Eogineer, j o u  the staff and the Remote in September 1995 to lead the program in the stated 
area. Along with developing his program, he is feverishly working on completing his Ph.D. dissertation. Mr. Brian T. 
Wahlii, Civil Engineer, was hired as a permanent Category 3 researcher in the Lrierttipn Group. He will be working 
d y  in water measurement. Dr. James J. Toth, Meteorologist, in a shared assignment between t h e w  

of the U. S. Water Conservation Laboratory and the Southwest Watershed Research Unit inTucson, joined the 
staff as a postdoctoral research associate. Dr. Toth, on a two-year appoinhnent, is developing a combined remote 
sensinglmodeling tool for investigation of meteorological processes on a regional scale. Near year's end, an 
Administrator's postdoctoral research associate fellowship was awarded to Dr. Gary W. Wall in the C Q 2 ~  
Chanee G r o u ~  to study the effects of elevated C02 and low soil nitrogen on photosynthetic proteins. Recruitment of 
suirable candidates is uaderway. I'm pleased to report that Doug Hunsaker in the Meation completed his Ph.D. 
from the University of Arirona during the fall of 1995. Congratulations to Dr. Hunsaker. Several existing vacancies for 
permanent technician positions were filled during 1995. Also, two new technician positions were created and filled in 
1995, one each for irrigation and water quality. 

As a policy, we strive to leverage our available base fundiig into well-targeted, broader-based programs by attracting 
outside resources. We are committed to working coilahnratively with other agencies and industry in bringing post 
doctomtes, visiting scientists and engineers, graduate students, and persons on sabbaticals to the USWCL to maintain or 
expand our research programs. 

Outside resources are instrumeotnl in our continued work in major program areas. In-kind human resources provided 
by many of our coopenttors and collaborators are highly significant and enhnnce our programs, especially by each 
individual's stimulating effects on our research efforts @lease refer to the list of Cooperators shown at the end of each 
repart and sunxwbd on pages viii through x). A number of organizations contninted significant financial support to 
the USWCL during 1995 as follows: The received a third year of funding through the USDA Office 
for International C o + ~ v e l o p m e a ~ - C h a t - c o n U a d  a-tksyear-eoUnborative study .with the National 
Agricultural Research Project (NARP) in Egypt dealing with the effects of land leveling precision and tillage practices 
on surface irrigation p r f o m c e ;  and through the Arizona Dep!ment of Water Resources, Phoenix Active Management 
Area, that contniuted to a study to develop software for improving the design and management of sloping border 
irrigation systems. During 1995, after several years of Intemgency cooperation, the Department of Energy stopped direct 
support of the GQ2S,limte Chanee Gmuv program to evaluate the interactive effects' of elevated C$l and increased 
temperature on plant growth and physiological processes, inchdiing the development of predictive models. On the positive 
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however, the University of Arizona was awarded a two-year grant by the Department of Defense to continue the FACE 
( h a i r  CO* enrichment) Pmject studying the interactive effects of elevated C02 and low soil nitrogen on wheat growth, 
soil nitrogen processes, and soil carbon sequestration. USWCL personnel continue to he major coflahorators to the 
pmject, incldng the day-to-day management. Additionally, temporary ARS Global Change funds were awarded to the 
eroun to helo suowrt the nhotosvnthetic measurement asoects of the FACE oroiect. The New received - .  . .. . . 
support through the USDA Alternative Agricultural Research and Commercialization Center for commercialization of 
Lesquerelk (he Depamnent of Defense and the USDMCSRS Office of Agricultural Materials for two programs (jointly 
supported): one, a two-year program to accelerate commercialization of vernonia, and the other to expand work on the 
extraction, characterization, and fabrication of guayuie latex products for nonallergenic applications; the USDA-ARS 
National Germplasm Laboratory (partial support) for the collection of LesquereUa gemplasm; and the ARS-National 
Prognun Staff, thmugh the Crop Germplasm Committee, for germplasm evaluation. The Remotp. received 
funding from the Electrical Power Research Institute to hire Dr. Toth thmugh an ARS Cooperative Research and .. Development Agrsement; from the Japanese Government for exchanges of scientists from the USWCL and the National 
btirute for Agriculhval and Envimnmental Studies dealing with agriculbd remote sensing; and from NASA for students 
and travel during 1995 for research in hydrologic applications of remote sensing. To the USWCL overall, this outside 
fundiig represents about 1 1% of our total budget, but it amounts to 45 to 50% of our discretiomry dollars. We thank 
these mnny coopera!ors/mllahorators and will continue working to make these associations mutually beneficial in serving 
agriculture. 

I invite you to read and uae this Annual Research Report. Let us know if there are questions or comments, either from 
a technical research standpoint or  about ideas you might have regnrdiig communication with our clients; all are invited 
and will be appreciated. 

AUen R. Dedrick. Director 
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U. S. WATER CONSERVATION LABORATORY 
ORGAWZATIONAL DESCRIPTION AND MISSION STATEMENTS 

The mission of the U. S. Water Conservation Laboratory (USWCL) is to conserve water and protect water quality in 
systems involving soil, aquifers, ptants, and the atmosphere. Research thtusts involve developing more efficient imgation 
systems, improving the management of imgation systems, developing better methods for scheduling irrigations, 
developing the use of remote sensing techniques and technology, protecting groundwater from agricultural chemicals, 
commercializing new industrial crops, and predicting the effect of future increases of atmospheric CO, on c l i e  and 
yields and water requirements of agricultural crops. 

The U. S. Water Conservation Laboratory research program is organized ucder two Research Units: -d W a k  . . a11tv il&WO) and p s  DvnamicsPD). I&WQ focuses on water management with emphasis 
on irrigation and water quality; E N D  concentrates on carbon dioxide-cl i te  change, germplasm development for new 
crops, and remote sensing. Drs. Albert J. Clernmens and B N C ~  A. Kimhall are the Research Leaden for the respective 
Research Units. The organizational structure for the USWCL is shown in figure 1, and the entire USWCL personnel 
list in table 1. 

The mission of the Water e is to resolve water management problems for irrigated 
agriculture through research aimed at conserving and augmenting water supplies. Goals are to develop management 
strategies and tools for the effective use of water and fertilizers in irrigated agriculture, develop tools for the protection 
of groundwater supplies from degradation as the result of agricultural practices, develop technologies for safe reuse of 
municipal wastewater, and transfer these results to practice through technology transfer efforts. The unit focuses on 
identifying individual actions and practices for resolving water supply and quality h u e s  at the farm and project levels, 
and the various inherent interrelationships. 

The mission of the Envimnmentai Plant D y n d c s  Research U& is to develop optimum resource management 
strateKie8 for meetior! national aericultural tnomuX mmimnents within the context of elobal chanee. Goals are to ~redic t  - - - 
incrded ~0~and.giobal  climate change effects on growth and water use; develop new craps to meet n a t i o d  needs 
for renewable, agriculturally-based products; develop remote sensing techniques for farm management and wide-area 
evapotmpiration estimation. COfllimate research will furnish a knowledge base and models to assess global change 
impact on fhre agriculture, inemsing the security of the world's food supply and benefitting all consumers. New Crops 
will diversify American Agriculture while producing renewable sources of raw materials such as non-allergenic latex 
(medical products), hydroxy fatty acids (cosmetics and lubricants), and low pollutant epoxy fatty acids (paints and 
coatings). Remote Sensing research will benefit growers and consumers by improving farm management decisions and 
the accuracy of water resource assessments. 
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Figure 1 .  U. S. Water Conservation Labonto~y Organiwlion. December 31,1995 
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Table 1. U. S. Water Conservation Laboratory S M ,  December 31,1995 

Adamsen, Floyd J. 
Alexander, Wiam L. 
Arterherry, Carl A. 
Askins, JoAnne 
Barnes, Edward M. 
Bouwer, Heman 
Clarke, Thomas R. 
Clemmew, Albert J. 
Coffelt, Teny A. 
Colbert, Sharette N. 
Corris, Virginia D. 
Dahlquist, Gail H. 
Dedrick, M e n  R. 
Dierig, David A. 
Gerard, Robert J. 
Genzewski, Susette M. ' 
Harner, Pautma A. 
Heckart, Donna J. 
Hunsaker, Douglas J. 
Idso, Sherwood B. 
Johnson, Kathy J. 
Johnson, Stephanie M. 
Kimball, Bmce A. 
LaMorte, Robert L. 
Lewis, Clarence L. 
Martinez, Juan M.R. 
Mastin, Harold L. 
Mills, Terry A. 
Moran, M. Susan M. 
NBkayam, Francis S. 
Padilla, John 
Pettit, Dean E. 
Piter,  Paul J., Jr. 
Powers, Dondd E 
Replogle, John A. 
Rice, Robert J. 
Rish. Shirley A. 
Rokey, Ric R. 
Salisbury, T. Lou 
Seay, L. Susan -. .. . - 
Seay, Roaald S. 
Strand, Robert J. 
Viyard, Stephen H. 
WEUn, Brian T. 
Wall, Gerard W. 

Soil Scientist 
Agronomist 
Agricultural Scieoce Research TechnicianlSoils 
Physical Science Technician 
Agricultural Engineer 
Research Hydraulic Engineer 
Physical Scientist 
Research Leader and Supervisory Research Hydraulic Engineer 
Research Geneticist (Plants) 
Physical Science Technician 
Office Automation Assistant 
Agricultural Science Research TechnicianlPlants 
Laboratory Director and Supervisory Agricultural Engineer 
Reaearch Geneticist (Plants) 
Laboratory Support Worker 
Biological Science TechnicianlPlants 
Secretary (Office Automation) 
Secntary (Office Automation) 
Agricultural Engineer 
Research Physicist 
Physical Science Technician 
Biological Science Technician 
Research Leader and Supervisory Soil Scientist 
Civil Engineer 
Machinist 
Agricultural Science Research TechnicianlSoils 
Computer Assistant 
Computer Specialist 
Research Physical Scientist 
Research Chemist 
Engineering Technician 
Electronics Engineer 
Research Biologist 
Physical Science Technician 
Chief Research Hydraulic Engineer 
Agricuiturd Engineer 
Program Analyst 
Biological Science TechnicianlPlants 
Secretary (Office Automation) 

-. ---PiiblioationeClerk (Qffibbdutodon) . 
Agricultural Science Research Technician 
Engineering Technician 
Physical Science Technician 
Civil Engineer 
Plant Physiologist 
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Bautista, Edunido 
Bhattacharya, Nick 
Do, Phong 
Fritz, Kent 
Guibranson, Scott 
Holifield. Chandra D. 
Johnson, David . . Kaiser, Aaron R. 
Kuramoto, Jane 
Lauver. Lisa M. 
Mitchell, Thomas A. 
Olivieri, Laura M. 
Perry. Edwnrd 
Price, Gavin 
Pottenger, Christine 
Qi, Jiaguo 
Rebman, Jon P. 
Richards, Stacy 
Slosky, Fdwnrd 
Thompson, Anson E. 
Tomasi, Belida 
Toth, Jim 
West, Kathy S. 
Yanas, Ruben . 

Baker, Michael G. 
Brooks, Talbot J. 
Freitag, Laurie A. 
Leake, Gregory S. 
McCurdy, Charles 
Novak, Patricia L. 
O'brien, Carrie C. 
Olivieri, Jose 
Pabian, David J. 
Schmidt, Baron V. 
Tomasi, PerneUM. 

.- - 

Agricultural Eogineer 
CoUnboIntor 
Computer Programmer Assistnnt (resigned 1/12/95) 
Physical Science Aid 
Biological Science Technician (resigned 3/08/95) 
Biological Technician 
Engineering Technician (resigned 5/18/95) 
Biological Science Aid 
Physical Science Aid (resigned 2/10/95) 
Biological Science Aid 
Engineering Technician 
Biological Science Technician 
Biological Science Technician (resigned 6125195) 
Engineering Aid (resigned 1/13/95) 
Biological Science Lab Technician (resigned 811 1/95) 
Physical Scientist 
Biologicat Science Technician/Plants 
Biological Science Aid 
Engineering Technician 
CoUnbonttor 
Physical Science Technician 
Meteamlogist 
Biological Science Technician 
Computer Programmer Assiatnnt (resigned 6/09/95) 

Research Specialist-Staff 
Research Technician 
Gened Maintenance MechaniclStaff 
Research Technician-Staff 
General Maintenance Mechanic 
Research Assistanb'FACE 
Research Lab Assistant-Staff 
Computer Programmer Assistnnt (resigned 4-23-95) 
Associate EnglFACE 
Computer Programmer Asst 
Research Lab Assistant 

vii 
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U. S. WATER CONSERVATION LABORATORY 
COOPERATORS for 1995 

Universities 

Arizona State University 
California Polytechnic State University 
California State University 
Colorado State University 
Delft Technical University . . Free University of Amsterdam 
Humbolt University 
Kansas State University 
Moshtohor Zagazig University 

Dept of Crops & Agriculturat Engineering 
Oregon State University 
Rutgers University 
Texas A&M University 
Virginia State University 
University of Akron. Department of Polymer Science 
University of Alberta ' 
University of Arizona 

College of Agriculture 
Cooperative Extension 
Dept of Plant Sciences 
Dept of Soil &Water Science 
Dept of Hydrology &Water Science 
Dept of Agric & Biosystem Engineering 
Office of Arid Land Studies 
Maricopa Agricultural Center 

Universitat Autonoma 
Universita deUa Tuscia 

Department of Biochemistry & Agmchemistry 
University of Essex 
University of Florida 
University of Gwrgia 
University of Guelph 
University of Idaho 
University of Kentucky 
University of North Dakota 
University of Wisconsin 
University of Michigan 
Utah State University 

Dept. of Biological &Irrigation Engineering 

Federal Agencies 

Consolidated Farm Service Agency 
U. S. Bureau of Reclamation 

Water Resources Research Laboratory 
Lower Colorado Region 
Phoenix Area Office 

Tempe, Arizona 
San Luis Obiipo, California 
Fresno, California 
Fort Collins, Colorado 
Delft, The Netherlands 
The Nelherlands 
Berlin, Germany 
Manhattan, Kansas 

Cairo, Egypt 
CorvallisMedford, Oregon 
New B m w i c k ,  New Jersey 
Fort Stocktnn/CoUege Station, Texas 
Petersburg, Virginia 
Akmn, Ohio 
Edmonton, Alberta, Canada 
Tucson, Arizona 

Maricopa, Arizona 
Barcelona, Spain 
Viterbo. Italy 

Colcbester, United Kingdom 
GainesviUe, Florida 
Athens, Georgia 
Guelph, Ontario, Canada 
Moscow, Idaho 
Lexington, Kentucky 
Fargo, No& Dakota 
Madison, Wisconsin 
Ann Arbor, Michigan 
Logan, Utah 

Casa Grande, Arizona 

Denver, ~ o l o & o  
Boulder City, Nevada 
Phoenix, Arizona 
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USDA, Natural Resources Conservation Service 
USDA-ARS, Graesland Protection Research 

Hydrology Laboratory 
National Center for Agricultural Ut'llization Research 
National Soil Dynamics Laboratory 
Western Regional Research Center 
Russell Research Center 
Soil & Plant Research 
Southwest Watemhed Research Center 
Tropical Cmps & Germplasm Research 
U.S. Salinity Laboratory 

. . Western Cotton Research Laboratory 
Western Wheat Quality Laboratory 

USDA-CSEES 
U.S. Department of Energy 

Atmospheric & Climate Research Division 
Office of Health and Envifonmental Research 

USDA-FS. Rocky Mountain Forest &Range Experiment Station 

State Agencies 

Arizona Department of Agriculture 
Arizona Department of Envimnmental Quality 
Arizona Department of Water Resources 

Phoenix Active Management Area 
P i  Active Management Area 

Irrigation Management Service 
West Pinal Natural Resource Conservation District 

Agropecuaria El Valie 
Armtec, Inc. 
Automata, Inc. 
Sandia National Laboratory 
Brookhaven National Laboratory 
Buckeye-Roosevelt Natural Resources Conservation District 
Center for Irrigation Technology 
Central Arizona Irrigation & Drainage District 
Central Arizona Water Conservation District 
CoacheUa Valley Resource Conservation District 
Electric Power Research Institute 
Gila River Farms 
CESBIO, CNES 
GERSAR-SCP, Societedu Canal du Pmvence 
Global Water 
Goddnrd Space Flight-Center, NASA + -. .. - . - 
Groenestein en Borst vof 
CEMAGREF-ENGREF Remote Sensing Lab 
CEMAGREF-Irrigation Division 
Imperial Irrigation & Drainage District 
Institute of Environmental Analysis &Remote Sensing for Agric 
International Institute for Land Reclamation and Improvement 
Irrigation Association 

Phoenix/Casa Grande, Arizona 
Temple, Texas 
Beltsvitle, Maryland 
Peoria, Illinois 
Auburn, Alabama 
Albany, California 
Athens, Gwrgia 
Fort CoU'i, Colorado 
Tucson, Arizona 
Mayaguez, Puerto Rico 
Riverside, California 
Phoenix, Arizom 
Pullman, Washington 
Washington, DC 
Washington, DC 

Fort Collins, Colorado 

Phoenix, Arizona 
PhoenkTucson, Arizona 
Phoenix, Arizona 
Phoenix, Arizona 
Casa Grande, Arizona 
Casa Grande, Arizona 
Casa Grande. Arizona 

Argentina 
Lethbridge, Canada 
Graes Valley, California 
Albuquerque, New Mexico 
Upton, Long Island, New York 
Buckeye, Arizona 
Fresno, California 
Ehy, &OM 

Phoenix, Arizona 
Indio, California 
Palo Alto, California 
Pinal County, Arizona 
France 
Aix-en Pmvence, France 
Fair Oaks, California 
Circenbelt,hlargland 
The Netherlaods 
MontpeUier, France 
MontpeUier, France 
Imperial, California 
Florence, Italy 
Wageniugen, The Netherlands 
Fairfax, Virginia 
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Lawrence Livermore National Laboratory 
Irrigation & Drainage District 
Mexican Institute of Water Technology 
Mycogen, Plant Sciences 

National Institute of Agro-Environmental Sciences 
Potsdam Institute for Climate Impact Research 
Salt River Project 
Sandia National Laboratory 
WeUton-Mohawk Inigation &Drainage District 

Livermore, California Maricopa Stanfield 
Stanfield, Arizona 
Cuemavaca, Mexico 
Madison, Wiconsin 
and San Diego 
Tsukuba, Japan 
Potsdam, Gennany 
Phoenix, Arizona 
Albuquerque, New Mexico 
Wellton, Arizana 
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MANAGEMENT IMPROVEMENT PROGRAM (ME') FOR IRRIGATED AGRICULTURE 

A.R. Dedrick, Supervisory Agricultural Engineer; E. Bautista, Agricultural Engineer; 
S.A. Rish, Program Analyst; and A.J. Clemmens, Supervisory Research Hydraulic Engineer 

PROBLEM: Enhanced long-term management of water and other natural resources, grower profitability, and overall 
social well-being are essential to a sustainable irrigated agriculture. Because approaches to these objectives are often 
mrdhrated, all agricultunJ stakeholders-farmers, irrigation districts, otber support and regulatory organizations, and 
other interested parties-need to interact proactively to address these neede. To this end, the Management Improvement 
Program (see figure 1 for an elaboration of the tbree-pbase MIP process), a management process similar to those used 
to h p v e  the pe&mmw of mrparate organizations, was applied to the business of irrigated agriculture. The purposes 
of this research are 1) to develop, apply, and refine for future use the MIP methodology; and 2) to establish conditions .. in the MIP application area for the continued improvement of farming practices and support services provided to farms 
by the district and other irrigation related agencies while conserving related resources. 

APPROACH: In December 1990, under the direction of the U. S. Water Conservation Laboratory, an Interagency 
Management Improvement Program (JMtP) was initiated by seven agencies1 interested in tbe potential of the MIP to 
support improved irrigated agricultural productivity, profitability, and natural resource management. From April 1991 
to January 1994, a demonstration project was canied out in the Maricopa-Stanfield Irrigation and Drainage District 
(MSIDD) in central Arizona (see figure 2 for a schematic representation of participating entities). In January 1994, the 
MIP T d  eaded its formal leadership of tbe Demonstration MP, and the local, grower-led, grower-interagency MSIDD 
MIP C w r d i i  Gmnp assumed ongoing &ponsibiity to initiate and guide fuhve MIP initiatives in the MSIDD area. 
A formal e v M o n  of the MSIDD-Area MIP was completed and the report puhlinhed in October 1994. Following are 
key events and activities in (he IMIP and the MSIDD-Area MIP during 1995 (see "Annual Research Reports," 1991 
through 1994, for milestones during those years): 

1) P . . . The MIP Team convened a meeting of the lMIP C o o d i i n g  Group 
to review the current status of the IM[P effort, focusing on the Demonstration MIP and exploring what lay ahead for the 
IMP and the role they might continue to play. Included in the agenda was a joint meeting with the MSIDD-MIP 
Coordinating Group to provide an opportunity for an exchange between the two groups on their respective areas of 
interest. 

2) Exploration of Potential Reapplications of the MIP (ongoing). 
a) A Texas irrigation district has requested (hat the MIP Team explore with them the feasibility of an EW 

application to frame and support their long-term improvement plans. The district's request that an MIP be explored as 
a means of addressing neede they have identified satisfies a main criterion for a next Mn! site, (hat of a need specified 
by stakeholders. Fuaher, tbe Texas district offers sharp contrasts to MSIDD, which would further test the MIP pmcess. 
In May 1995, members of the boaid, managpment, district consultants, and an NRCS representative visited USWCL and 
the MSIDD area and discussed the Demonstration MIP with the MIP Team and MSIDD-area grower and agency MIP 
participants. In June 1995, members of the MIP Team made an invited visit to the irrigation district to tour the area and 
continue discussions. The visit included a presentation on the MSIDD-Area MIP to district farmers and other key 
stakeholders. Discussions are currently underway on plans for the feasibility exploration. 

These agencies are USDA-ARS and NRCS; USDI-USBR; Arizona Departments of Water Resources and 
Envimmnental Qunlity; and Tbe University of Arizona Cooperative Extension. They, along with the Arizona Department 
of Agriculture and the University of Arizona College of Agriculture who joined later, comprise the general oversight IMIP 
Coordiiting Group. 

The demonstration project MIP Team included Dedrick, Bautista, and Rish of the USWCL; and consultants W. 
Clyma (MIP Specialist) and D. B. Lavine (Management/Team-Building Specialist). The EW Team provided overall 
management ofthe demonstration activities, which included the direct development and facilitation of MIP events. In 
addition, the T m  mdained ongoing communication with participants, addressed concerns and problems as they arose, 
and was responsible for the development and publication of MIP-related documents. 
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b) In April 1995, at the request of the ARS Office of International Research Programs, the MIP Team submitted 
a preliminary work plan for carrying out an MIP in the Aral Sea area in Uzbekistan. The work plan caUs for the 
npplication to be carzied out by local teams; with training, guidance, and project oversight provided by the USWCLled 
MlP Team. Approval rests with the U. S. Department of Stab, which would also provide funding. In late FY 95, the 
State Department postponed action on the proposal until sometime in FY 96. 

3) 6 . . . .  . . Members of the MIP Teain 
were invited to participate in meetings and discussions concerning leadership selection and transition as the first grower- 
leader's term nears completion. In November 1995, a new grower-leader was confirmed who is scheduled to assume 
leadership in February 1996. It was also agreed that the MIP Team would structure and lead a special program review 
and planning meeting of the Coordinating Group in February 1996, coinciding with the leadership transition. 

FINDINGS: At then Febnuuy 1995 meeting, the Ih4P Coordiiing Gmup committed to continued involvement in the 
IMIP and considered how they might play an expanded role in publicity and marketing activities. Grower and agency 
participants in the MSIDDArea MIP continued to a f f i i  the value of the MIP's collaborative, interagency approach to 
improve the sustainabdty of im'gated agriculture tbmugh their continued support of and participation in the MSIDD MIP 
Coordiinating Group and its programs and spin-off activities. Now moving into its tbird year, the MIP Coordiiting 
Group continues to sponsor town-halls, including a grower-requested forum that resulted in formation of a pestsontrol 
district, and to publish a newsletter. Grower-to-grower meetings are continuing, and attendnnce is increasing. A new 
program initiated this year aims to assist new growers by convening meetings of agriculture-related organizntions and 
other growers to share pooled knowledge and information. T h e  meetings, like the grower-to-grower meetings, have 
expanded beyond the MSIDD area. One of the most consistent messages from agency participnt.9 continues to be the 
vahm of the D i o s t i c  Analysis @A) and the need to address the numerous oppoltunities for improvement identified in 
the DA Report that still remain. 

Through meetings, presentations, and other interaction with interested parties, MSIDD-Area MIP participants are a 
valuable source of insights and information about the MIP experience-its value and benefits and its demands on time and 
effort. Events this past year included presentations to a World Bank policy and program group, the board and 
management of a visiting irrigation district, and a meeting of the Arizona Hydrological Society. Some participants are 
also co-authoring papers documenting the demonstration project. 

INTERPRETATON: Continued impact of the Demonstration MIP in the MSIDD area rests largely with the MSIDD 
MIP Coordinating Group's continued institutional development and initiation and oversight of interorganizational 
prognuan. They acknowledge the chsllenges they face related to demacds on members' time, personnel changes affecting 
individual membership and organizational mandatiing, identification and recmitment of Coordnating Group leadership, 
awl finaociat awl other support mourcing. At the eame time, they continue to show accomplishment. Their request for 
the MIP Team to lead a program review and planning meeting early next year demonstrates their serious commitment 
to their unique role in providmg a focused, coordinated means to address the needs of the area's irrigated agriculture. 

Both the MIP Team and the Texas irrigation district are benefitting from the feasibiity exploration activities. The 
exploratory effoxts are providing an opportunity for the MlP Team to consider the usefulness of recommendations relating 
to pmMlP activities that were formulated as part of the Demonstration MIP Evaluation Report. For their part, District 
representatives h v e  bad an opportunity to interact with both grower and agency MSIDD-Area ME? participants and thus 
hear about and observe some of the impacts that can result from an MIP process. 

FUTURE PLANS: Work will focus on 1) publications documenting the Demonstration MIP, including a series of 
manuscripts for a special issue of Irrigation md Drainage Syxrew Joumnk five papers and presentations for the 
proceedings of and a session at the ASCE North American Water and Environment Congress '96, June 1996; and a 
manual to guide future M l P  applications; and 2) exploration of appropriate reapplication of the MIP model, including 
contirm'mg to explore the feasibility of an application in the irrigation district in Texas. As noted in "Approach," above, 
the principal criterion for future use of the process will be the need to address a need or needs identified by local 
stakeholders. LeadersEp ofthe next applicationii seenhs ~ t i o d , f r o E U S W C L  in alumas-an role to one of training 
and guidance. Appropriate institutionalization of the refined MIP methodology outside of ARS will continue to be 
explored. 

COOPERATORS: Cooperators include entities listed in figure 2, plus Colorado State University. Funding hns been 
provided by ARS, USBR, MCS,  and ADWR; with significant in-kind contniutions by all invoived. 
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Figure 1. The Lhree phases of thc Managclmnt Improvement Program feed into one another. D i o s t i c  Analysis yields 
an intediciphry unders td ig  of the pcrformaoce of irrigated agriculture in the area. Management Plaaniog results 
in a shared undnstandig of the pcrformaoce among growers aud participating organizations as well as identifiuttion of 
opportunities for improvement and jointly developed plans for managerial and ttchnologicsl changes to address those 
oppoltunities. Performaoce Improvement, results in implemenlation of the p l m  and establishment of long-term, self- 
supporting mechidma to sustain the effort after the forrnal end of the MIP. 

Figure 2. Schematic representation of entities involved in irrigated agrigluuro in tbO M S I D D - h .  Entities were 
inchdal as participants h e  of their potentid to impact irrigated agriculture in tho area. Improved profitab'ility and 
sustainability of irrigated agriculture (along with improved natural resource management) were tho goaLs of the 
DawnstrationMIP; therefore, gmwen, the main focus of the p r o p ,  are shown appropriately in the center. Moving 
outward fmm thc gmwem, thc first circle conneds organizations or entities d i i t l y  supporting agriculture in the MSIDD 
area; the second connects organizations with p 4 y  regulatory missiona although they may also have some support 
functions; and the furthest circle includes the two research and/or afuuttional organizations involved. 
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IRRIGATION INDUfXRYiARS COLLABORATIVE EFFORT' 

A.R. Dedrick, Supervisory Agricultural Engineer; and 
D. F. Heennann, Supervisory Agricultural Engineer 

P R O B W  The "Irrigation MustrylARS Collaborative Effort" was initiated in 1991, led by Dedrick and Heennann, 
to promote a concerted, sustained effort to impact irrigation on a broad scale up through the national level. It aimed to 
address issues facing irrigation as a whole, with its stated purpose, 

"for the Irrigation Industry and the Agricultural Research Service to foster and focus an ongoing partnership in 
support of irrigation that yields optimal societal benefit," 

.. . APPROACE In May 1991, a workshop with over 40 attendees, almost evenly divided between the irrigation industry 
and ARS irrigation and drainage researchers, met to I m c h  the effort. At that meeting, a Leadership Gmup was 
mandated to lead the Collaborative Effort. Over the last four-and-a-half years, the Leadership Group has guided actions 
to address the agendn that emerged from the workshop, including meetings to adjust o v e d  Collaborative Effort plans 
and to review and suppoit its work group activities, which focused on three main thxusts: 

Supporting the Irrigation Association @A) as a key representative of the irrigation industry in identibing priority 
irrigation related research needs and communicating them to the research community, 
Increasing the mount of callaborative reaearch carried out by Irrigation Industry and ARS scientists and engineers, 
and 
Proposing and supporthg a study by the Water and Science Technology Board (WSTB) of the National Academy 
of ScienceslNational Research Council focusing on the future of irrigation in the United States. 

FINDINGS: Key results of the Collaborative Effort over the last year include (see 1993 and 1994 "Annual Research 
Reports" for previous findiigs) 

0 . . 9. Activities in this 
area have continued to focus on increasing the awareness of irrigation industry and ARS scientists and engineers 
about opportunities for collaborative research. For the fiI& consecutive year, outreach efforts, including *how-to" 
information for entering into Cooperative Research and Development Agreements (CRADAs) with ARS, were 
exlended through the Collabonttive mart exbi'bit at the 1995 IA Exposition, held in Phoenix. As in previous years, 
support for the exhibii was provided by the IA and the ARS OEcea of Technology Transfer, Interactive Cooperation, 
and Information. S f f i g  for the exhibit was provided by members of the U. S. Water Conservation Laboratory 
Irrigation and Water Quality Research Gmup in Phoenix and the Conservation and Production Research Laboratory, 
Bushland, Texas. Plans were initiated at the IA Exposition in Phoenix to explore having an ARS exbiiit at future 
Texas IA Expositions. ' 

Through a Collaborative Effort initiative, the December 1995 issue of ImkmMon Busiwss & Technology, 
a bimonthly publication of the IA, included the first of what is to be a regular ARS feature on research and other 
Lrigation and water quality information relevant to the imgation industry. Tbe luticles will be c o o d i e d  by the 
office of the National Pmgnun Leader for Water Management and Water Quality. ARS irrigation and water quality 
locations will be contniutors. 
E e n h @  3 1  g&ndsb@ . . . A study, "The Future of 
Irrigation in ihe Face of Competing Demands," was proposed to the Water Science and Technology Board (WSTB) 

Dedrick and Heennann (Water Management Research, Ft. Collins, Colorado) are co-chairs of the Collabotntive 
Effort. Key input to the process has been provided by 3. A. Chapmnn, Valmont Industries, Valley, Nebraska; L. E. 
Stetson, ARS, Lkcoin, Nebraska; and S. A. Risb, ARS, Phoenix, Arizona, as Subgroup (;p-Chairs; T. A. Howell, ARS, 
Bushland, Texas, for development of the "Yellow Pages"; and consultant D. B. Levine (ManagementiTeam-Building 
Specialist) for overall facilitation of the Collaborative Effort. 
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of the National Academy of ScienceslNational Research Council by the Collaborative Effort and initiated by the 
WSTB in 1993. he ex ma^ sewed on the study committee, and Dedrick provided liaison between the Collaborative 
Etfort Leadership Gmup and the study committee. Fnndii was provided by the Irrigation Association, USDAIARS, 
USDVBun?au of Rechation, Ford Foundation, and Idaho Power Association. The study kas been completed, and 
the report is scheduled for publication in the spring of 1996. 

INTERPRETATION: The combined efforts of the irrigation industry and ARS have produced significant 
accomplishments, which canbe e x p k d  to have c a h u b g  impad. Hundreds of industry representatives and other users 
have been reached through the mud IA Expo exhibits, the "yellow pages" d i t o r y  of ARS Irrigation and Drainage 
researchers, and other materials. The new ARS article in ImmgmMon Business & Technology will reach a substantial 
number of users, one of the specific goals being to provide information on cooperative rasearch opportunities. The 

.. forthcoming WSTB study report on the future of irrigation will be made available to the public and other interested 
parties. As with earlier WSTB studies, it can be expected to serve as an unbiased, indepth, examination of the issues 
and, as such, to be used for policy and political decisions. Industry representatives to the Collaborative Effort continue 
to note how the process has provided a successful experience in building ongoing interaction, understanding, and tmst 
between a client group, in this case the irrigation industry, and ARS. The approach used with the irrigation industry has 
potential as a model for building pytnerships between ARS and other client groups, especially as ARS moves toward 
more client involvement in our re-search program development and assessment (i.~., ARS's response to the Government 
Perfommce and Results Act). 

FUTURE PLANS: The CoUaborative Effort Leadership Group, which last met formally in September 1993, has 
continued communication and interaction relative to ongoing activities, i.e., &taining liaison with the WSTB study, 
meetings of the IA Research CommiEee, and outreach efforts. The next meefing is p h e d  prior to publication of the 
WSTB study, with one of the goals to assess and recommend publicity strategies by the irrigation industry and others, 
including ARS. The other two ColIabonrtive Effort thn~sts, i.e., 1- . . and InCnmhg 

, will be reviewed. 

COOPERATORS: Representatives of the irrigation industry and ARS were shown in the 1993 "Annual Research 
Report." 
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JXGH-FREQUENCY, SMALLVOLUME SURFACE IRRIGATION 

DJ.  Hunsaker, Agricultural Engineer; A.J. Clemmens, Supervisory Research Hydraulic Engineer; and 
W.L. Alexander, Agronomist 

PROBLEM: The abiity to apply light, frequent deliveries of water to crops with microirrigation is well recognized. 
However, very few ettempts have been made to develop high-frequency, small volume irrigatioo management strategies 
for Burface irrigation systems. This is because 1) most traditional surfam irrigatioo m W  am not capable of delivering 
small uniform quantities of water to the field, 2) changing surface irrigation system designs to accommodata smaller 
applications may require a large capital investment, 3) increasing irrigation frequencies will likely increase operating 
expenses, and 4) more frequent irrigation scheduling will require a higher degrea of management. 

However, cumulative researcb suggests that increased irrigation frequency has an effect on crop yieIds that could be 
economically significant. A number of recent research studies cooducted in the Desert Southwest have demonstrated 
higher yields for surfaceirrigated cotton when irrigation occurred more frequently. One investigation reported 25% 
higher yields with inigafions applied once every five days during the cotton's boll development period, rather than once 
every 10-14 days. In addition to potentisly higber cmp yields, surface irrigatioo systems that can apply smnll application 
amounts uniformly could reduce irrigation water use and decrease deep percolation and fertilizer losses. 

In recent years, advaocca in i&igation technology have brought about a new b d  of high-performance surface 
irrigation systems (hat have been implemeoted successfully. For example, precision land-leveling has made possible the 
development and use of level basin irrigation systems, which, when properly designed and mnnaged, allow more uniform 
water distribution over the field and smder wstcr applications. 

P&y proroped by tha ~ e a p c b  d o t a l  above, we conducted investigations in 1993 and 1994 on high-frequency, 
small-volume level basin irrigation for cotton. The objectives were to determine the effects of s d ,  frequent water 
applications on the hydraulic characteristics aad irrigatioo performance of the level basin system and on the water use, 
gmwih, and yield of cotton; and to develop and evaluate the economic feasibiity of a high-frequency level basin design 
for cotton production in the southwestern United States. 

In 1995, we began an investigation on highfrequency irrigation for sweet corn in Coacbella Valley, California, in 
cooperation with the Coachek Valley Resource Conservation District. The objective of that study was to evaluate corn 
yield response tohigh-frequency irrigation under a sloped furrow irrigation system. 

APPROACH: Details on the procedures for the level basin cotton irrigation studies conducted at The University of 
Arizona, Maricopa Agricultural Center, were previously presented in the 1993 and 1994 USWCL ARRs. Briefly, the 
studies were conducted in farm-scale level basins (14 by 250 m), as well as a d  basinn (10 by 10 m). Two irrigation 
mansgeanents were included in h e  studies: 1) low-frequency, large volume irrigation (LF), and 2) high-frequency, small 
volume irrigation @IF). The period in which frequent, s d  volume irrigation was applied to the HF treatment was 
generally confined to a four-to-five week period coinciding with the boll development stage of the cotton (=-during July). 
Furrows within the HF treoiment were smoothed and compacted tbree times early in the season using a weighted device 
shapgt like a torpedo. The totnl seasonal water application was approximntely the same for the LF and HF treatments. 
Data obtained during the field studies were used to annlyze the effects of the treatments on infiltration, soil roughness, 
distribution uniformity, evapotranspiratinn, conon growth, and finaI lint yield. 

Two level basin irrigatioo system designs were developed for a hypothetical cotton field (3W by 800 m) in central 
Arizona. One system was to be operated at low-frequency irrigation cycles, the other at high-frequency irrigation cycles 
begking at boll development. Systematic, repeated application of the irrigation simulation model, SRFR, was used to 
arrive at the design leogtb and furrow inflow for cach system based on the criteria that the lowquarter diitriiutioo 
uniformity be greater than 85%. Parameter v h  for inf~ltration, soil roughness, and furrow geometry derived from the 
field studies for the LF and HF treatments were used in the simulations. The economics of the two systems were 
evaluated and compared-by coasid-the-costs forJystemins~ationfio*mt;ng1aod-leveling, d s ,  and turnouts); 
production, water, overhead, and land ownership costs; and the expected gross income from the cotton produced in the 
system. Cotton water use and Lint yield used in the economic evaluation were descnied by the results obtained in the field 
studies for the LF and HF systems. 

Sweet corn grown under high-frequency furrow irrigatioo was studied in the Coachella Valley in 1995 on a local 
gmwer's field. The corn was planted in mid-January and harvested in early May 1995. The field length was 385 m, and 
the gradient was 0.20%. The end of the field was blocked to e h h a b  surface runoff during irrigatioo. 
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Several irriga!ions were applied to the cornduring February and March. In early April, two sections of the field, each 
consisting of 13 rows of corn, we18 identified as treatments for our study. Between April 6 through April 27 (s'Wng and 
yield formation), one section (high-frequency) was irrigated twice every threa days, while the other section (low- 
frequency) was irrigated once every three days. During that period, water application depths for the high-frequency 
section were on the order of 12 mm, while they were about 18 mm for the low-frequency section. Field measurements 
made during irrigations included furrow inflow and duration, furrow advance time, and surface water elevation. 
Measurements made before and after irrigation included infiltration and soif water content. In each section, the entire 
length of one central row of corn was band-barvested on May 3. 

FINLXNGS: Some of the findiigs from the level basin field studies were presented in the 1993 and 1994 USWCL 
ARRs. Table 1 summarkes several of the key findings from the studies. .. Figure 1 shows the high- and low-fqiency level basin system designs that were implemented on the hypothetical field 
in ceatral Arizana, respectively. Figure2 shows a comparison of the annual costs of the two systems that were associated 
with system installation, water, cotton production, overhead, and land ownership for the two systems. The price for 
irrigation water was assumed to be $0.42 per mm-ha ($52 per ac A). Figure 3 shows the total ananal costs and the 
expected gross incomes for the two system. The cotton price was assumed to he $1.61 per kg lint ($0.73 per ib). 
AU of the results tium the 1995 sweet corn study have not been analyzed. However, p r e w  results indicate that 

the corn yield was 14% higher under the high-frequency than low-frequency schedule. 

INTERPRETATION: Devices to smooth and compact furrows, such as the torpedo device wed in thin study, can 
signifiatntly decrease soil roughness and increase water advance aLmsa furrows during early season irrigations. Applying 
frequent irrigations during' rapid boll development significantly decreased infiltration. However, the lowquarter 
d i i t n i o n  uniformities were generally lower thnn those for the low-frequency treatment when the smaller applications 
were given during boll development. Although applying high-frequency imgation during boll development produced an 
average lint yield 10% higher than the low-frequency, the increase was somewhat lower thnn that found by other 
investigators. 

The advantage for the low-frequency over the high-frequency system was that a longer field length could be wed in 
applying uniform water applications. Altbough this reduced canal costs compared to the high-frequency design, that cost 
benefit was offset by higher land leveling costs. Consequently, the insklhtion cost for the two system was nearly the 
same. Although the total cost required to install and produce cotton with the low-frequency system was slightly lower 
than the high-frequency system, the economic analysis suggested that the high-frequency system was more profitable. 
The most prominent economic benefit from high-frequency level basin management is potentially higher yields. Based 
on yields obtained in the field studies, the 10% higher yield for the high-frequency treatment represented a gross income 
4 2 3 0  per ha above that for the low-frequency. A diierence in gross income of that mngnitude could make high- 
frequency design and management appealing to growers operating under a small profit margin. 

FUTURE PLANS: Further studies of high-frequency irrigation management are needed to establish specific practices 
that optimize yields under surface irrigation. Development of high-frequency, small volume level basin irrigation will 
continue in 1996. Future work includes plans to evaluate the effect of continuing high-frequency irrigation beyond the 
boll development period. Additional studies will he continued with corn and other surfaceirrigated vegehble crops. 

COOPERATORS: D.D. Fangmeier, Department of Agricultural and Biosystem Engineering, The University of 
Arizona; and Don Ackley, Coachella Valley Resource Conservation District, Mio ,  CA. 
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Table 1. Summary of key fiodigs from the 1993 and 1994 level basin studies. 

Parameter F id i in  

II Soil Roughness 

Infiltration 

The Maoning roughness coefficient was rduced during early s e a m  irrigations 
by about 50% in hrmws that Were torpedoed. 

Infiltration was reduced by 25% in the high-frequency tnatmeut during the ball 
development period. 

Distniution Wformity 

Wafmr Supply 
t 
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The lowguartar diitniution uniformities were 4 to 10% lower in the high 
frequency treatment during boll development. 
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Figure 1. Field configuration for high-frequency (a) and low-fnquency @) designs. 
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Hlgh-Frequency Low-Frequency' 

1 System Deslgn 

Figure 2. Itemized annual costs of cotton production for high-frequency and low-frequency irrigation system designs. 

System Design 

Figure 3. Total annual costs and expected gmss incomes for the high-frequency and low-frequency irrigation system 
designs. 
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SURFACE IRRIGATION MODELING 

T.S. Strekoff, Research Hydraulic Engineer; 
and AJ. Clemmens, Supervisory Research Hydraulic Engineer 

PROBLEM: Throughout the irrigated world, water is applied to fields unevenly aod locally in excessive amounts, 
leading to wastage and to pollution of surface and gmundwaters receiving the excess. The interaction of the many 
variables significantly influencing the movement of irrigation streams down fields, and, ult'Mately, the distniution of 
infiltrated wnter and the amannI of m o f f  fmm the irrigation, is too complicated for simple calculation. A mathematical 
model-a numerical computer solution of the pertinent governing equations-supplied with the conditions of the irrigation 
can, on the other hmd, allow rapid determination of the consequences of a given physical layout and proposed 
management procedure. Systematic, repeated simulation allows determination of design parameters to yield optimum .. . 
uniformity of infiltrated water and minimum mnoff from the end of the field. This, in turn, can reduce the degradation 
of groundwater supplies by excess irrigation water, contaminated by fertilizers and pesticides, percolating below the mot 
zone of the cmp. Similarly, reduction and =use of field runoff protects surface-water aupplies downstream from 
irrigated fields. 

C u d  models of surface irrigatjon require further development to extend the m g e  of conditions they are designed 
to strmiata and to inc~ase the reliability of their mathematical pmceduns. New irrigation techniques generally precede 
attempts at simulation, so models must be revised to allow theoretical study of the innovations. Furthermore, present 
models do not always mmpleie a eimulation. A variety of physical conditions that can derail a simulation include streams 
that shrink in length following, say, cutba* very low flows in furrows or borders that exhibit variations in properties 
withdistance; and following purges overtaking earlier releases. The current ARS surface irrigation model, furthermore, 
requires data entry more complicated tban many potential users are willing to negotiate. 

Most current models, furthermore, are limited to onedimensional flows, for example, single fumws, or border-strips 
with rero cmss slope and a uniformly distributed inflow at the upstream end. Large basins are currently being irrigated 
horn a single corner inlet, or fmm one placed in the middle of a side. The flow spreads out from the inlet in all possible 
diiections, and any ondimensional simulation of the distribution of infiltrated water must be viewed as a very coarse 
approMan .  Futthermore, actual de@&w in the basin surface from a theoretical horizontal plane influence the flow 
of water therwn, with the irrigation stream concenttated in the lower-lying a m ;  this has significant potential for 
affecting infiltration uniformity. Only a two-dimensional model can simulate these factors with any accuracy. 

APPROACH: For onedimensional simulation, user-friendly, menudriven data input and output, the W r  as graphs 
and text, are linked to a reliable simulation engine based on the universal laws of hydraulics. Constants in commonly 
accepted empirical equatiom for infiltration and roughness are entered as input. Pmgram development involves extensive 
cadiig in both FORTRAN and C + +. 

Two-dimensional simulation is also based on hydraulic principles. Under the assumption of flow velocities small 
enough to allow neglect of accelerations (weU established in the surface-irrigation context), force components in each of 
two muhtally perpeodicular diitions on the field are in equiiirium. The resulting parabolic partial diierential equations 
in the two directions and time yield a wave-like solution encompassing both wet and dry areas of the field. Calculated 
depths of flow in the naminaUy dry areas are many orders of magnitude smaller than those calculated witbin the irrigation 
stream, making demarcation of a nominal advancing wetting front easy. Infiltration is assumed to begin only after this 
wetting front arrives, and to stop af€er the calculated depth drops below a specified small value. 

FINDINGS: Relme of a user-friendly, menudriven ondimensional surface-irrigation model, SRFR, version 3.0, has 
been delayed, but is appmachiog completion and distniution to cooperating researchers. The combbation of a graphical 
user interface for input and output (consisting of ZINC menus programmed in WATCOM C+ + code) linked to a 
simulation engine ( w r i t t m a n d - c o m ~  WAXB2pl-FORTR;ANfhaspmvafreasonably-retiable (certain mn-time 
errors, however, lead to a keyboard freeze requiring a re-boot). The result is a single 1.6MB executable file. On 
wntemponuy PCs possessing extended memory beyond the 640K W S  range, execution is enabled through the DOS4GW 
memory manager distributed by WATCOM. 

A pilot version of a two-dimensional model allowing specification of variable bottom elevations has been constmcted 
on the basis of a no*, implicit numerical scheme with the resulting simultanwns equations solved for a series of one- 
dimensional formulations in alternating directions at each time step (Tamimi, 1995). With isotropic mughness, the drag 
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force at any location in the field is oriented collinear with and opposite in direction to the vector velocity of flow; the 
hydraulic conveyance in this w e  is a a. For aoisotmpic roughness, e.g., as the result of some tillage practices which 
leave small cormgations psrallel to one side, the drag and velocity vector am not colhear; i.e., the gradient of water- 
surface elevation lies at some angle to the resultant flow velocity. In this case, the conveyance is a tensor quantity. 

Themalel was subjected to some p r e i h h r y  testing in both onediimeosional and twodimensional contexts. Results 
fmm a onedimensional subset of the model were compared with the results of SRFR, which limits computations to the 
wetted portion of a border-strip or basin, expanding and contracting the region of computation with the advance and 
recession of the irrigation stream. Figure 1 compares the two calculations of advance, recession, and the distribution of 
infiltrated water for a basin exhibiting 10 nun standard deviation in bottom elevations. The agreement suggests that the 
two quite d i e d  rmmerical techniques both really do solve the onedimensional partial differential equations of surface 
imgation hydraulics. 

Two-dimensional testing utilized field data gathered in a 3 ha essentially rectangular basin on the Gila River Famro, 
an agricultural enterprise within the Gila River Indian Community. The flow to the inlet to the basin, in the middle of 
a long side, was monitored, as were flow depths at some 28 points in the field; before and after the imgation, the field 
was surveyed for elevation differences. Figure 2 shows the simulated advance contours-successive positions of the 
wetting front at 1Eminute intervals, while figure 3 is a comparison of measured and simulated advance, in terms of 
fraction of total area wetted as a function of time. Figure 4 shows a similar comparison of measured and simulated 
recession. 

iNTERPREX'A'ITON: To make a significant impact on surface-irrigation design and practice, computer models of the 
process must be of broad scope, fnst, .and reliable, yielding simulations for every reasonable combinntion of 
cimmstances, and with myenient, user-friendly data i n p  and graphical display of the results of any given set of design 
and management parameters. This is the aim of current development in both the onedimensional and twodimensional 
contexts. A simulationmodel capable of p v i d i  quick results for various test combinations of design and management 
parameters would allow these to be opt.hized. 

FUTURE PLANS: Current deficiencies in one-dimensional-model behavior as outlined above will be addressed, 
exploiting the ZWC-WATCOM development-sobare combition. The pilot twodimensional model will be extended 
to non-reclangular.field configurations, and numerical solution parameters will be adjusted automatically in response to 
solution behavior; a genernl review of these parameters will he undertaken with the aim of speedy, robust performance. 
Additional field verification will be sought. 

COOPERATORS: D.D. Fangmeier, University of Arizona; Dr. Behzad Izadi, University of ID; Keith Admire, Natural 
Resources Conservation Service (formerly, SCS), Dexter, MO; Marshall English, Oregon State University, Gila River 
Farms, Pinnl County, AZ. 

REFERENCES: Tamimi, Akrum H. 1995. nvo-l)imen.sional Transient Flow in Non-Level Imgm'on Basinr. 
Dissertntion submitted in partial fulfillment of the requirements for the Ph.D, degree, University of Arizona. 160 pp. 
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Figure I .  Coinprison of dvnnce, recession, and iniiilmlion distribution calculnted with Lwodimension model (opernting 
in nndunensionnl mode) and with SRFR. Standard deviation of soil-wrfaca elevalions = 10 mm. 

Figure 2. Simulated advance: location of advancing front at 19mhute intervals. 
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Figure 3. Comparison of field data and Lwdiensional simulation: percent area wetiad. 

Figure 4. Comparison of field data and two-dimensional simulation: percent area in recession. 
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SOITWARE FOR TEE DESIGN AND MANAGEMENT 
OF SURFACE IRRIGATION SYSTEMS 

T.S. Strelhff, Research Hydraulic Engineer; 
and AJ. Clemmens, Supervisory Research Hydraulic Engineer 

PROBLEM: Surface irrigation, in general, is perceived as an inexpensive low-efficiency method of irrigating crops, 
bound by inherent characteristics and traditional @ices to wasting much if not most of the water applied. Furthermore, 
irrigation water that passes thmugh a farm and exits either as runoff into surface draiange or as deep percolation heading 
to an aquifer is often chemically cbanged through contact with soil salts, fertilizers, and pesticides. More efficient 
irrigation would reduce return flows from irrigation to a minimum and so reduce the potential for contamination of surface 

.. and groundwater supplies. 
Suggested a l t edves  include conversion to sophisticated high-tech equipment for point application-microirrigation-or 

simply RtiFing agricul!ural land out of production. While limitations on application efficiency do exist, depending upon 
specific field conditions, current procedures for designing field dimensions and operational parameters are simply 
insdequale. The complexity of surfaceirrigation hydraulics has led to design and management that are largely empirical 
nod o h  greatly depeodent on iodiiflual judgment and experience; f o n d  design procedures like those of the NRCS are 
based in part on broad assumptions of uncertain applicability. 

In recent years, the hydmulic complexity of surface irrigation has been largely overcome through the development of 
simulation software based on the universal laws of hydraulics and capable of predicting the performance of an irrigation, 
given extant field conditions, physical layout, and operational parameters. Each simuIation, however, taking anywhere 
from a fraction of a minntp to several minutes to perform on contemporary PCs, yields the results for just one set of 
conditions. Before such results can be used in design, some procedure is needed to lead the user from a trial set of design 
parameters to a better one, in the search for an optimum. Further, a program for design should indicate what the best 
possible performance can he, as limited by extant field conditions, as well as how to achieve it. And it should indicate 
how management should respond to changes in field parameters over the course of a season. 

R d y ,  sophisticated design nod xnasngm criteria, based on a database of previously calculatgi simulations, have 
been applied to laser-leveled surfaceirrigated basins. As a result, efficiency of water application on such basins can be 
achieved at a level approaching that of microinigation, at far less expense. For sloping fields with tailwater runoff, on 
the other hand, efficiencies of water use lag that in level basins by 20% or more. Yet such fields represent the 
predonbat layout in many areas, in the US. and abroad. Conversion to level basins is not always technically feasible, 
as wwhen field slope is great a d  ngriculiural soils shallow. Furthermore, the cost of conversion to level basins or capital- 
intensive systems fike LEPA (low-energy precision applications) or microimgation can be substantial. With irrigated 
farming in many parts of the world under severe economic pressure, attainment of conservation goals without expensive 
conversions is especially attractive. 

APPROACE Any itxiicator of performance P, of an irrigation depends on field characteristics (dtration, slope, and 
roughness), targeidephof infiltration, dm*, border-strip or basin dimensions Oength L and width Wf, arad inflow rate Q, 
and application time I,. In other words, I; =Ak, a, So, n, dm,, L, W, Qe, ,I, ). it is assumed that the dependence of 
cumulative infiltration d on opportunity time ranbe estimated by the empirical Kostiakov formula, d=kT", bottom slope 
is uniform and given by So, and roughness can be characterized by the Manniog n. The first four arguments are given 
field charncteristics, and the rematder are design and management parameters. The purpose of the software is to provide 
the function f for a series of pertinent performance indicators P,. 

To provide this capability, a large number of simulations is performed, once and for aU, to form a database for a design 
program. Interpolation amongst the tabulated values in the data base allows solution within a continuous spectnun of 
independent variables. Indeed, in earlier studies, thousands of dimensionless simulations were performed. 
Nondmensional representation was employM to allow covemge;with 661Ylhis number ofsinnktions, of a very broad 
spectnun of irrigations in level basins and in sloping borders with tailwater runoff. In the simpler case of level basins, 
coo rd i i e  traosfomuttions coupled to successions of simulations led to a store of dimensionless data on uniformity, 
advance time, etc., as functions of unit inflow rate and basin length. From these dnta, all pertinent performance 
parameters can be derived for any real basin. 

In the sloping border case, dimensionless simulntions were performed in hypothetical border strips of such great length 
that the streamnever reaches field end. The dependent variables stored from each run were the length and shape of the 
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distniutionprofile of infiltrated water; any infiltration calculated beyond actual border-strip length constitutes the runoff 
for that border strip. It proved possible to fit the distniutions of iofiitrated w&r for the various simulations by a two- 
parameter function. Given a real or hypothetical design border, all the conditions governing the irrigation are known, 
and it could be simulated. But in the design approach, the commensurate dimensionless input variables can now be 
determined for entry into the stored data, and any performance indicator of interest (diitniution uniformity, runoff, 
application efficiency, etc.) can be derived from the muttant shape parameters far more quickly. The capability of 
determining the results of any simulation within a second or two suggests presenting a whole screenfuU of information 
on tbe variation of chwen performma parameters with design input parameters varying over a wide range. Such curves 
could show the performance possibilities for the given field conditions as weU as the necessary values of design 
parameters to achieve a given level of performance. 

In both level bnsins and sloping border strips, dimensionless advance vs. time curves were also stored to allow either 
cutoff time r, or advance distance at cutoff R to r e p e n t  the d u d o n  of the application. Design based on R is potentially . . a significant improvement, since that is often bow such systems are actually operated. 

FINDING% Software for designing level basins is now in its second release (version 2.0). The principle performance 
indicator is distribution uniformity, DU. After specifying the field conditions ( with S,=O) and target depth, the user, 
in design male, c a  specify three variables out of the four-L, W, Q,, DU. and the program supplies the remaining one, 
as weU as I, (or R). In evaluation inode, in essence an essentially instantaneous simulation, the user specifies the field 
parameters, dimensions, idow and attoff time (or R), and the program yields DU and the minimum or low-quarier depth 
in the infiltration distniution. 

Sohare  for sloping border strips, initiatedunder contract with the Arizona Department of Water Resources (ADWR), 
is nearly complete. A surfacsirrigation software user and advisory group, established to review this work, has had the 
opttunity to view the capabilities of the program. For example, figure 1 shows the graphical output of the evaluation 
mode. The distniution of infitrated depths and the values of a series of performance indicators for a particular set of 
field conditions and deaign and operational pamiem am shown. Figure 2 displays contours of a particular performance 
indicator, potential application efficiency, for given field conditions, an available maximum stream size, and a given target 
depth of infiltration. The design variables here are the border-strip length and width. The contours show what efficiency 
ispmsible for the given field conditions, as weU as what combi ions  of length and width will achieve it. Since it takes 
only a few sear& to generate the umtaur map, a series of such graphs for diierent target depths, or for chaoges in, say, 
infiltration characteristics over a season, can be printed out in hard copy, or tiled on the screen, for comparisons. 

Faced with an established physical design (L, Wf in a given field, variation in the management parameters Q, and I, 
(or R) determine perfomme. Figures 3 and 4 exemplify results of the management mode in the software. Figure 3 
shows the low quarter depth of infiltration for various combinations of inflow and application time, while figure 4 shows 
the corresponding potential application efficiency. 

ISTERPRETATION: There is potential for water conservation and reduction of influx of agricultural chemicals into 
tha envimnment by improved design and management of surface-irrigation systems. Efficiencies can be limited by field 
conditions, but significant improvement over common current values is feasible. Software based on mathematical 
simulations of irrigations can assist greatly in optimizing water use. A fast, reliable, user-friendly computer program 
showing the W n s e  of the irrigation system to variations in trial design conditions should be attractive to potential users. 
Theseusers would most likely be those persons advising growers-mobile evaluation laboratory personnel, NRCS field 
persomael, extension personnel, consultants, and irrigation district personnel. 

PLANS: The BASIN program will be provided with a component accounting for the influence of imperfect 
leveling. The BORDER design program will he completed for release. On-line and hard-copy documentation will be 
prqsred. A proposal for extension of the sloping-field design program to furrows, the predominant method of surface 
irrigation, is underlevicw-by&c ADWR. 

COOPERATORS: Alan Fehrman, ADWR, Phoenix, Haruld Bhtme, N a h d  Resources Conservation Service (formerly, 
SCS), Phoenin; Kris Johnson, BuckeysRwsevelt Nabtral Resources Conservation Diitrict; D.D. Fangmeier, University 
of Arizona; Ed Martin, University of Arizona Cooperative Extension. 
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Figure 1. Evaluation of a single irrigation. 
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Figure 2. Physical Design: V&ion of potential application efficiency. 
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Figure 3. M o w  Management: Variation of lowquarter depth of intiltration with M o w  rate aml cutoff time. 

Figure 4. M o w  Management: Variation of potential applicalion efficiency with M o w  rate sod cutoff time. 
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MODELING THE lh'FLUENCE OF LAND LEVELING PRECISION ON 
SURFACE IRRIGATION PERFORMANCE 

AJ. Clemmens, Supervisory Research Hydraulic Engineer; and 
T.S. Strelkoff, Research Hydraulic Engineer 

PROBLEW Surface irrigation systems inherenily d i i t n i  water nonunifody over the land area to be irrigated. This 
normnifomdiitniution of water can cause a number of problems. First, areas receiving too little water can experience 
crop stress, yield reductions, and, from insufficient downward movement of water, salinization. Those areas receiving 
too much water can leach fertilizers and contribute to rising water tables, again leadimg to salinization. Farmers tend to 
over-irrignte so Lhat their crops will not be stressed from underirrigation. However, this leads to excess deep percolation 
and rising water tables on adjacent lands. These problems are much more acute on reclaimed lands. Poor irrigation 

" uniformities increase the amount of time needed to bring reclaimed land into fuU production. 
One of the main contributors to surface irrigation uniformity is the precision of land leveling. Greater precision is 

needed as land slopes get flatter, with level basins requiring a high degree of land leveling precision in order to obtain 
reasonable uniformities. Experiences in the US. indicate significant improvements in irrigation uniformity and efficiency 
with improvemen& in leveling p i s i o n  on level basins. While some information on leveling precision and its influence 
on production is available, the d e g b  to which leveling precision in Egyp and elsewhere affects crop production and 
water management is not l i ~ y  known. 

Mathematicat models of the advance and recession of water over a surface irrigated field are useful tools for predicting 
irrigationuniformity sod efficiency. However, currently available models can handle only major undulations in the field 
surface, and only in one d i i i o u .  They can fully model neither the twodimensionat nature of water flow in basins nor 
multiple furrows. 

APPROACB: NARP, through OICD, has funded a cwperative project with the above title between this research unit 
and Moshtohor University in Egypt. Existing surface irrigation models are used in this study to take a first look at the 
effects of surface irregularities on uniformity. Part of this pmject is to extend the existing irrigation models to multiple 
fumws and/or two dimensions so that they can more ad+ly handle real field conditions. Field dats were collected 
to determine existing conditions in Egypt and for verifying the models developed. Existing land leveling and tillage 
practices are. being evaluated to determine their influence on leveling nonuniformity. F i y ,  assessments will be made 
regarding the magnitude of the impact of poor land leveling in Egypt, and design and management guidelines will be 
developed to aid in making decisions for improvement in surface irrigation practices, including recommendations on 
levelig and tillage practices. This is expected ult'unately to improve the effectiveness of water use in irrigated 
agriculture, both in Egypt and the US. 

FINDINGS: 
' . -. Nile ~ile!&~g clay soils behave somewhat diierently from typical cracking clay soil 

in the US. in t e r n  of infiltration pmperties. These soils exhibit a high find infiltration raIe relative to typical U.S. clay 
soils (cracking and noncracking). This significantly affects the field designs 'nflow rates, lengths, etc.). Soil resistance 
to flow also proved to be much higher on Egyptian soils, partially due to the large clod sizes under current tillage 
practices. Crop mistance to flow also appears to be much higher, likely due to higher planting densities. The effect of 
higher flow resistance is to require larger inflow rates and shorter basin lengths to achieve good uniformity. 

I n i p  One aim of the field experiments was to provide independent verification of the 
SRFR simulationmodel for borders, b d i ,  and furrows. These studies showed that the advance of the irrigation stream 
could be predicted accurately if accurate estimates of infiltration and roughness parameters were provided. Further 
improvements were made in the simulation model's ahiity to handle highly undulating field surfaces; i. e., those typical 
of Egyptian traditional-leudiog'~,ractiees. 

EurraBLspariok: Preliminary studies indicate that for modem long-fumw irrigation, furrows spaced at 75 cm 
performed better than furrows spaced at 60 cm. This resulted from a larger fumw cross section and, consequently, the 
larger flow rates that could be applied. Increasing the spacing to 1 m did not significantly improve performance. 

B- Preiiminary studies indicate that inflow rates to long wheat strips need to be above 2 ipslm (e.g., 
3 to 4 Ipslm) to overcome small-scale roughness effects that cause slow advance and poor efficiency. This is shown by 
the values of Manning n sod depth infiltratgt at one hour given in Figures 1 and 2. Manning n values drop sharply above 
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2 Ipslm sod after the first irrigation on wheat. Irrigation uniformity was also improved when furrow flow rates on cotton 
were above 2 Ips per fumw. 
v: Simulation studies indicate that statistical procedures can be wed to evaluate the 

influence of a nonlevel field surface on irrigefion uniformity. Figure 3 shows a comparison between the proposed 
statistical equation for low quarter distniution uniformity (SDU,J 8nd the results from Monte Carlo simulation when the 
effects of land leveling precision were included. Here agreement is vety good. However, the effects of field nonlevelness 
on advance was greater than anficipaled. Figure4 shows a comparison between SDU,, and the DUIq from simulation with 
SRFR when a nonlevel field surface was used as input. The dierence between Figures 3 and 4 results from a slowing 
of advance due to the non-level surface. m s  is only one of several comparisons; others are worse). SRFR, however, 
overestimates the influence of field nonlevelness since it simulates a representative unit width of field (Le., the same 
elevation across the width). Variations in elevation across the width would reduce the differences suggested by Figure 
4. Further study with a twodiiensional model is needed to properly evaluate this effect and its implication on long- 
basin/furrow design. 
w: Field studies on wheat showed that laser land leveling with mechanized planting provides 

significant impmvement in germination, crop stand, harvest time, and profit. For example, grain yields were increased 
from 1.5 todfed to 2.5 todfed; combine-harvesting time was reduced by 3676, and profit increased from LE 2321fed to 
LE 1299Ifed (one feddan is approximately 1 acre. 
Sadxlpnrepanitian: Use of a ;ototiller following chisel plowing for seedbed preparation resulted in a potentially 

significant reduction in tillage cost. Chisel plowing alone required five passes to provide the proper seedbed, while the 
rototiller-chisel plow combination required two passes, one with each implement. Fuel cost was reduced by more than 
70% from 25 to 6 liters of fuel per feddan.. 

INTERPRETATION: ~m&vemmis in tillagefigation m&ods have the poteatid for making significant improvements 
in productivity and water management on the surface-irrigated land within Egypt. It has been found that tillage and 
irrigation practices must be improved in c o m b i i o n  to obtain the positive results from each and from other agricultural 
in*. Achievement of this god will requke significant extension effort-hand-in-hand with additional applied research- 
to assure that these methods are properly applied. 
The application of mathematical models to problems in Egyptian irrigation have provided U.S. irrigation experts with 

additional tools to analyze surface-inigation efficiency and uniformity, which can be used to provide appropriate 
recommendations for design and management of surface irrigation systems. 

FUTURE PLANS: This project has been officially terminated. Some cooperation is expected to continue in fimhimg 
manuscripts for publication based on the cooperative research. Further, more analysis needs to be performed with the 
2-D model to determine the tnm impad ofbnsi nonlevelness on 2-D basins. Beiter guidelines and analysis of uniformity 
can then be implemented within the level-basin design program, BASIN. 

COOPERATORS: 2. El-Haddad, M. EL-Ansary, and H. Osman, Department of Crops and Agricultural Engineering, 
College of Agriculture, Moshtohor Zagazig University, Egypt; and D. Fangmeier and A. Tamimi, U. of Artom. 

Annual Report of the U.S. Water Conservation Laboratory



Flow Rate Effects - Wheat95 
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Figure 1. Effect8 of flowm~te on Manning n - Wheat '95. 

Flow Rate Effects - Wheat95 

Figure 2. Effect of flow rate on depth Witrated on one hour - Wheat '95. 
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Figure 3. Comparison between statistical lowquarter diitnhtion uniformity, SDU,,, (expected value) and the 
average low-quarter diitniution uniformity from MonteCarlo simulation, XHC 

Figure 4. Comparison of low-quarter distribution uniformities SDU,, and Duks,,, with cutoff based on distance for 
R = 0.85. 
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CANAL BEEIAVIOR AND RESPONSE TO TRANSDENTS 

T.S. Strekoff, Research Hydraulic Engineer; 
and A J .  Clemmens, Supervisory Research Hydraulic Engineer 

PROBLEM Efficient use of irrigation water ofien depends on the timely availability of the required flow rates for the 
required period of time. But even if the supply system consists of expensive pipelines, there is no guarantee that with 
a large number of users on a line, the pressure required to deliver a required rate at a distal point would be available. 
In the case nf the far more economical and prevalent uuurl supply systems, delivery upon demand is considerably more 
pmblematic. In a closed conduit, even though pressure drops can limit the outflow at any offtake, any changes in flow 
anywhere are immediately reflecied thmughont the system. In an open channel, with the water surface free to rise or fall, 
changes in discharge propgate as largescale gravity waves, moving not much faster than the water velocities themselves. 
It could be hours before a demand initiated at a downstream point can be satisfied by increases in discharge at the 
upstream end, if at all. 

These circumstances have led, on the one extreme, to the common practice of prior scheduling of user demands for 
canal operations, i.e., mnking the apppriate pump and control-gate settings in advance. At the other extreme, a variety 

* 
of supervisory or feed-back cantrol schemes have been proposed to respond to demands initiated at will by a user. Even 
with ndvance scheduling, the seniog &the g a b  is ofien based on the subjective judgment and intuition of personnel with 
vruying degrees of experience; it is oRen inordinately timm* aod inaccurate. Measures appropriate to anticipated 
demands are being studied with inverse schemes of solving the govemiog flow equations. Strategies for control based 
on measured canal responses to varying demands, in a feedback loop, are also being considered. 

Experience shows, boweyer, that in any case, given control measures have diierent degrees of success in diierent 
csnals, depending upon slope, discharge, and other canal-flow parametern, so far in an unpredictable way. This report 
deals with quantifying the influence of flow properties on canal response to control measures. 

APPROACH: A change in flow raie in a canal is generally accompanied by a change in water-surface profile, even &r 
the transients initially induced by the change have dissipated. The resulting changes in volume of water within the canal 
can be influenced by exercising the gates or other control stmctures. In any event, whatever the change in volume 
induced by new flow conditions, a finite time is required for a mismatch in inflow and outflow to produce it. This time 
is related to the time to establish the new conditions. Thw, even the study of a succession of steady states is useful in 
predicting the response time of a canal to changes in regime. Experiential evidence indicates that such predictions 
constitub an approximation to transient canal response as well. Comparisons of results based on the simpiified steady- 
state theory with those based on the full Saint Venant equations of unsteady flow should delineate the degree of 
approximation as a function of c a d  properties and the timing of imposed transients. 

An e x p e M ,  generic model of unsteady flow is used in the shdy instead of existing iodwtrial models because of 
the flexibility in internal and e x t e d  conditions afforded by the custom model and to allow input and output in 
d i i i o n l e s s  terms. This means referencing all discharges to an initial steady-state flow rate, all transverse dimensions 
(depth, width, elevation, eic.) to n o d  depth at the reference discharge, all longitudinal lengths to normnl depth divided 
by bottom slope, and all times to a reference time equnl to the time to traverse the reference length at n o d  velocity. 
In this way, a hmad range of canal parameters-base width, side slopes, bottom slope, roughness, length, gate openings, 
and initial discharge-can be covered without calfing for an inordi ie  amount of experimentation and complexity in 
presenting results. 
The method of characteristics was selected as the solution mode for traosient flows because of its theoretical correctness 

and its potential for disclosing facets of flow behavior that could be missed by more approximate schemes. While the 
model cannot as yet sothnlale flow atler formation of a bore, this condition is not common, and since calculation stops at 
the computed inception of a bore and an alert printed, there is no danger of spurious computations. The numerical 
solution scheme serves 8saRlbmutinebr+sestling p m g m  timtalltomaticatl~w d i i i d e s s  inputparameters over 
given ranges. Select measures of canal response are output to a tile, one record per simulation. M e r  an appropriate 
group of simulations has been run (perhaps seved  hundred), the data from the output file are analyzed and plotted by 
a separate stand-alone program. 

FINDINGS: Curves c h w r i s t i c  of possible s t d y  stntes ina canal pwl have been const;ucted on the basis of checked- 
up waier-surface profiles behind control gates, calculated at various flow rates. These show pool volume as a function 
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of flow rate and checkedvpdeph. Figure 1, constrwtd for a particular pool geometry, shows how operation of the pool 
to mnintain a constant downstream depth in spite of a 6 mslsec change in flow rate (vector A) requires the addition of 
21000 m' to the pool (about 1 hour at 6ni'is). Vector B depicts a co~~~~an~-volunte operation achieved by adjusting the 
gates to yield a downstream depth change of -0.15 m. 

Typical unsteady pool response to a sudden increase in the flow of a downstream offtake under conditions of "ideal 
control" without anticipation of flow changes, i.e., simultaneous, exact replacement of the offtake discharge at the 
uptream end, is displayed in figure 2. In thin scenario, with the gate opening fixed, the offtake withdrawal takes place 
at the expense of pool volume until the r e p h e n t s  initiated simultaaeausly at the upstream end arrive. The wave motion 
generated by the offtake results in a drawdown in depth there (offtake flow, for simplicity, is assumed fixed, as if 
pumped). The curves, for a broad range of hydraulic conditions, and withdrawal of 60% of the initial flow, show 
maximum depth reduction in ratio to initial depth. 

Figures 3 and 4 show Ute R=SIIIIB of a dierent scenario. Here, in anticipation of downstream withdrawals, a 10% step 
" increase in flow is initiated at the upstream end of a pool. In consequence of the canal-pool hydraulics, the step is 

smeared over time (and with distance, as the wave propagates into the pool) to result in the flow hydrographs shown for 
the end points and qwter points along the length. Smearing, the deformation of the supply wave from a step to a ramp, 
is shown by the timedelay between the arrival of the beginning of the wave, correspondiing, say, to 10% of the total step 
change, and that of the hulk of the wave, say, characterized by the 85% point. The extent of the smearing depends upon 
distance fmm theupstream end and somewhat on the Fmude number of the flow; it is heavily dependent on the specific 
downstream-boundary structure. Figure 3 compares the canal response for three downstream boundary conditions: 1) 
a submerged, undershot gate, very common in canals, 2) normal depth, a thearetical condition corresponding to a long 
length of prismatic canal domutram fmm the subject reach, and31 a long-crested (duck bid) weir designed to pass small 
or large flows with little c+ge in head. Figum 4 quantifies the functional dependence for a pool of rectangular cross 
section, initially checked up to 1.25 times normal depth. 

INTERPRETATION: Steady-state analysis yields important results, valid for at least the end points of a transitory 
phenomenon. Its applicability during the period of the transient remains under investigation. 

Unsteady-flow analysis shows that even under conditions of perfect control, replacing offtake demands with upstreum 
flow increases takes time, and that until the replenishments arrive in sufficient quantity, the depth at the offtake continues 
to faU. 'Ihe longer the canal, the greater the offtake, and the greater the Froude number of the initial uniform flow, the 
greater is the maximum drawdown. Curves such as in figure 2 quantify the behavior and CM show when urrnkipatory 
regulation is mandatory, to prevent excessive drawdown. 

Figures 3 and 4 highlight the overriding influence of the downstream stagdischarge relationship on supply-wave 
deformation. Further, they qum!ify the expected effect of pool length and the relatively minor influence of Froude 
nunher. The toe of the wave arrives at about the same time with each different downstream structure, while the huk  of 
the wave (8% of the total upstream step change) arrives significantly later for the gate h u  for the weir. Much of this 
delay can he viewed as a response to the higher depths of flow (and hence greater pool volumes) required to pass the 
increased discharge thmugh the gate opening than over the long-crested weir. This suppoiia the use of such weirs as 
control structures. 

FUTURE PLANS: C a d  response to additional control scenarios will he investigated, including a specified inline 
outflow hydrograph. The steady-state approach exemplified in figure 1 will he compared to analyses explicitly treating 
the unsteadiness. The ranges of parameters in ideal-control and ~ticipatory-stepincrease scenarios will be extended. 

For comparison with the method of characteristics, the generic c a d  model will be extended to include additional 
wntml-stmdum elements and upstream and downstream bonndary conditions and multiple pools, as well as an implicit, 
fixed-grid numerical solution scheme common in industrial models. Simulating additional regimes of flow behavior, such 
as supercritical flow and bore propagation, will also be investigated. 

COOPERATORS: Jean-Luc Deltour, GERSARSCP, Saciete &I tu du Provence, Aix-en Pmvence, France; Charles 
Burt, California Polytechnic State University. San Luis Ohispo, CA. 
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DISCHARGE m3/s 

F i p  1. Stuuiy state c ~ r i s t i c  nwes  for a specified pool. Stored volume as a function of flow rate d water level 
( D e b r .  1952; Bun cr ai. 1995). 

Figure2. Maximumdrawdown at dovmt- offtake under ideal control, s = 1.5, be'= 2.0. % = 0.6, F,, = 0.1 - 
0.3, L* = 0.4 - 1.6 (Bun er al, 1995) 
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DISCHARGE HYDROGRAPHS 
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Figum 3. Dischvge hydmgrsphs m a canal p l  at: the. upstream end, 114, In, 314 end full-length points. Step increase 
in discharge at upstream end; initial downstream depth at 1.5 times normal (Srrelkofet d, 199%) 

Figure 4. Delay of wave components (depths): a = 0.0; b* = 2.00; y,* = 1.25; F, = 0.1, 0.3, 0.5 (Slrclkofetal, 
1995b) 
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INVERSE COh@UTATIONAL METHODS FOR OPEN-CEIANNEL FLOW CONTROL 

E. Bautista, Agricultural Eogineer; A. J. Clemmens, Supervisory Hydranlic Engineer; 
and T.S. Strekoff, Research Hydranlic Engineer 

PROBLEM: Gate stroking (Wylie, 11969; Falvey and Luning, 1979) is one of several methodologies currently available 
for n q i k h g  open-channel flows. Tbe objective of the method is to determine the operational schedule for the canal's 
control struchves tbnt will deliver apredetermined demand schedule. The algorithm is based on solution of the equations 
of unsteady open-channel flow. In contrast with typical routing simulations, which begin at an initial time and proceed 
forward in time, gabstroking computations begin at the downstream boundary of a canal pool, where the d e d  is 
specified, and then move upstream (i.e., backward in the space direction) until reaching the canal's upper boundary. 
Thus, gatestroking is also known as inverse ~peo-channel flow wmplfation. Implementation of the method requires prior 
knowledge of the demand schedule and central control of the regulating structures. 

The gatestroking approach has found limited application in the field due to practical constraints. Still, the method is 
valuable in that it can be used to analyze the control requirements of a delivery system under different operational 
scenarios. Surprismgly, it has not been wed extensively for this pupose, perhaps because of its mathematical complexity. 
Wylie's (1969) and Falvey and h i n g ' s  (1979) gategtroking solutions are based on the method of characteristics and ate 
compttatiody delicate. Fiitedifference solutions of the ope~hanne l  flow equations are potentially more robust than 
characteristics solution and, thus, several authors have tested their application to the gabstroking problem. In 1994, a 
study was initiated to compare two finitediierence inverse algorithms, one implicit (Chevereau, 1991) and the other 
explicit (Liu et al, 1992), with the method-of-cbaracteristics solution. The objective of tbe work is to identify an inverse 
algorithm that can be us$ reliably under a wide range of control scenarios and to use the model to study the 
controUabiity of open-channel water delivery systems. 

APPROACH: Studies on the controUability of canals have focused on understandiig how transient waves created by 
upstream or downstream disturbances behave in time. This type of analysis requires multiple simulations with a 
conventional routing model. A related problem, illustrated in figure 1, is to characterize the magnitude of the upstream 
disturbanca (dotted lines) tbat needs to be applied at upstream control points (e.g., gate structures) in order to achieve a 
given change in downstream canal supply (solid line). Upstream hydrograph features of interest include the peak depth 
and diicbarge md the duration of the transient. This problem can be studied by performing multiple simulations with a 
gate-stroking model. 

Tests conducted during 1994 showed the limitations of the existing finitwlierence and characteristics-based gate 
stroking d g o r i h  (Bautista et al, 1995). Based on the approach presented by Chevereau (1991), an implicit nonlinear 
finitediierence gatestroking solution was proposed (Bautista et al, 1995). Additional tests were conducted in 1995 with 
the improved model and, in view of the positive results, it was selected as a basis for conducting a study on canal 
mntrolfabity. Given the reMvely slow performance of the available computer code and the large number of simulations 
that will be eventually conducted, the code was translated to a faster programming language. To further reduce the 
computational effort, the number of design pameters needed in the study was reduced by adopting a nondiiensional 
formulation of the governing equations. 

FINDINGS: Solutions computed with the nonlinear implicit finite-diierence model showed that it is nearly as accurate 
and more robust than the characteristics-bad model. The upstream hydragraphs computed with the finitediierence 
model can exhibit some numerical damping for very rapid changes in demand in comparison with the characteristics 
solutions (i.e., the characteristics-generated hydrographs show sbtlrper peaks). However, when the solutions produced 
by either here1 are fpl back into a forwad simuMon model, the resulting downstream hydrographs are far more simiIat 
than the upstream discharge hydrographs. Since gate-stroking solutions usually can not be implemented exactly in the 
field, the damping introdwed by-thsfini(bdiffe--algerithm-will likelynotwmpromise theusefulness of the gate- 
stroking solutions. 

The type of canal relationships that are being studied is illustmted next. Figure 2 shows the specified demand 
hydrograph for a c a d  pwl with particular nondiiensional characteristics. Tbe dimensionless system of variables used 
is described in Strekoff and Clemmens (1995). In that system, depth is expressed relative to normal depth Y, for the 
given design inflow &, while velocity is expressed relative to Y , the normal velocity. With thene definitions, the 
dimensionless depth and velocity at normal flow, Y,* and V,', respectively, are both equal to one. If the canal cross- 
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section is trapezoidal, it follows that the dimensionless n o d  area %*= &* = b* + z , with b* the dimensionless 
bottom wkllh aad z the side slope 0. For canals of uniform slope So and Manning roughness n, their dimensionless 
equivalents are equal to unity. A family of hydraulically similar canals is then defined by the particular combiiion of 
dimensionless variables b*, z, canal length L*, and F,, the Fmude number at n o d  depth for the; design inflow. For 
the example, we set h*, z, and L* to 2, 1.5, and 0.5, respectively, and allowed F, to vary. The dimensionless discharge 
Q* was increused stepwise from its initial value, Q,* = 3.5, by 10% at dimensionless time T* = 1.0. Backwater 
conditions were imposed on the example by fixing the dimensionless depth Y' at the downstream boundary at a value of 
1.2Y;. Figures 3 and 4 show the upstream discharge and depth hydmgrapbs computed f o r b  subcritical values of 
F,. Hydrogmph characteristics change dramatically as increases fmm F, =0.1 to F, =0.4, but changes are less 
conspicuous at higher Froude numbers. Note in particular that peak Q* nnd Y* decrease with increasing F, while the 
duration of the Oansient e.e., Ulo time between the initial and final change in upstream Q*) increases. Note also that for 

. . F, 2 0.4, the peak upstream Q* is essentially equal to the desired final demand, Q* = 3.85. 

-RETATION: The results given above are an example of the type of relationships that can be studied using the 
gatsstmking model expressed in nondimensional fotm. For canals sharing the given gwmetric configuration subject 
to hydraulically similardanand hydmgraphs, upstream diitudmces will undergo substantial attenuation as they propagate 
downotrram if F, < 0.4; for latger,subcritical values of Fa, wave defotmntion and d i i i o n  will be far less significant. 
This implies tbat for F, 2 0.4, the prescnied demnnd hydrograph can be satisfied adequately with (his family of canals 
by imposing an identi4 upstteam inflow hydrograph shifted by a time delay factor AT*. Thh delay factor is related to 
L* and some average wave pmpagation velocity. Preliminary results indicate that the propagation velocity can be 
satisfactorily estimated from kinematic wave thwry, i.e., dX*/dT* = dQ*/dA* for 0.4 r; F, r; 0.7, but that for larger 
F,, abetter estimate is pmvjded by the dimensionless dynamic wave velocity, dX*/dT* = V*(X', T'f + C*(X*, T 3 ,  
in which XL and C* ate the dimensionless distance and wave celerity, respectively. Appmximate analytical values for 
the delay factor ate AT* 1 0.35 for F, = 0.4 and AT'S 0.22 for F, = 0.9. 

A difficulty in the interptelation of the results is that their meaning in dimensional form is not immediately obvious. 
For the particular example, if one assumes a base width of 2 meters and a Manning n of 0.2, for the range of F, values 
studied, the data tepment a flow-rate range from 5.2 to 46.7 m3/s, slopes ranging from 4 x 10" to 3.4 x 10". and lengths 
fmm 24.5 Km to 0.3 Km. 

mnvRE PLANS: A kuge uumbet of d i i i o n l w s  variable combiitions needs to be tested before generalized results 
can be developed. Ranges of the design variables to analyze are cutrently being defined. The above presented results 
have focused on the relationship between F, and peak Q* and Y*; however, it is expected that other relevant relationships 
will emerge as the study progresses. Modicalicms to the model are currently underway to add batch-file mode operation 
capnbities, as multiple execulions will be raquired. The initial effort will concentrate on analyzing the response of single 
pool canals. The general properties of the gatestroking solution for multiple-pool canals will be studied later. 
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Figure 1. \rariation in upstream inflow rate needed to deliver a predefined downstream demand 
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Figure 2. Specified downstream discharge and depth hydrographs for the euunple problem. 
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Figure 3. Upstream discharge hydrographs computed with increasing Fmude numbers 

Figure 4. Upstream depth hydrographs computed with increasing Fmude number. 
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DEFINING IRRIGATION SYSTEM PERFORMANCE 

AJ. Clemmens, Supervisory Research Hydraulic Engineer; 
and T.S. Strelkoff, Research Hydraulic Engineer 

PROBLEM: High water costs and the potential for environmental degradation, as well as intense competition for a 
limited water resource prompts growers' concern for water conservation in addition to the ttaditional concern of crop 
yield and quality. With irrigation often constituting the largest portion of a region's water consumption, and competing 
usem 0 t h  in a political majority, the need for sagacious use of irrigation water becomes paramount. Users of irrigation 
water are frequently confronted with the need to defend their share of the water resource with the argument that it is 
necessary and is wisely us&. D i i  irrigation metbods - e.g., surface, sprinkier, micro-need to be compared in terms 
of water consumption as well as other factors. 

Under the present plethora of concepts, terms, and ad hoc definitions, diierent agencies have calculated widely 
d i m p a t e  numbers for terms of the same name. For numerical characterizations of irrigation-system performance to have 
universal meaning, unique and consistent definitions of efficiencies, uniformities, and other performance indicators are 
requid, broadly applicable to different irrigation systems, to diierent subject regions-field, farm, dffitrict, basin, etc., 
over different periods of time-a single event, a season, etc., and both on the drawing b o d  and in the field. 

APPROACE. A Task Committee was formed by the On-Farm Committee, WRE Division, ASCE, and charged with 
proposing appropriate definitions, to the Society and to the profession. The anthors of thin report and their listed 
cooperators were heavily involved in drafting the proposed definitions. 

A point of depirture was pvided by an earlier (1978) On-Famt Irrigation Committee in a well known, concise paper 
on uniformity and efficiency. Its very conciseness, however, has led to ambiguity in implementation. The Task 
Committee reviewed the basic concepts introduced therein and sharpened or replaced, an necessary, the definitions of 
perfomtanca in the light of diierent possible applications (as enumerated above) and, especially, in explicit recognition 
of extant nonuniform application of irrigation water. Also recognized was the need for precise specification of the region 
and time interval implied in a delinition, the need for defensible, rather thao intuitive, procedures for estabhhing 
v e t e r s ,  and the need for evaluating defensible measures of confidence in any of the derived parameter values. 

FINDINGS: Imgntion Efficiency: Efficiency is based on the identification of the various fractions of the irrigation 
water supplied to a subject area. The definitions concern only water supplied by irrigation, however diicult it is to 
exclude nahual contributions-precipitation, groundwater influx, etc.-from a total water balance. Water that leaves the 
subject area tbrough its boundaries can be categorized as beneficial fo fhe crop (or else, reasonably, or consumptively 
used) or not. Any water temporarily stored within the boundaries cannot be so categorized, even if intended for a 
beneficial use, say the next crop; it must be considered neutral until it a c W y  leaves in one or another category. 
Example boundaries are the soil surface and bottom of the root zone along with a definition of a d  extent. 

Im@on efFaPncy, E, is defined within specified boundaries and over a specified time interval, as the ratio of water 
volume beneficially used, to the volume that left the subject area, both during the specified period, i.e., 

IE = 
volume of irrigation ,voter beneficially used ~ 1 0 0 %  

volume of irrigation water applied - A storage 

in which A sfomge ia the change in storage of irrigation water within the subject region over the specified time interval. 
Water serving a dual purpose (e.g., both Frost protection and seed germination) is not to be double counted. Beneficial 
use is not to be confused with consumptive use. Figure 1 illustrates the diierence, It also provides the basis for 
establishing an Imicrrion Conrunptive Use Gxficirm, ICUC, defioed as the ratio between the volume of irrigation water 
consumed (evap0transpidon;pt ~ ~ . ) ~ e t o t a t P o l u m c ~ e ~ t h e ~ e g i O n ,  bothin a specified period 
of time, 

ICUC = volume of irrigation water consuntptively used xlOO% 
volunre of irrigation water applied - A storage 

Like IE, ICUC can be used on any geagrnphic scale. At the district scale, e.g., the tdk district outflow of irrigation 
water in the specified period is (100 - ICUC)% of the irrigation water supplied. 

From the sociwll and even a grower's point of view, IE alone may not be sufficient to characterize water use. Other 
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benefits uu, accrue to society hom water used for irrigation, even a portion not wed by the crop, for example to support 
riprim wMlife. Or, it may wellbe prudent for a grower to apply some water that is no! d ' i t l y  used by the cmp, i.e., 
unavoidable nonbeneficial uses. Such concepts of reamable use suggest a new term to complement irrigation efficiency, 
nnmely, irrigation sagacity, IS, 

IS = volume of irrigation water benejicially and reasonably used,100% 
voluttre of irrigation water applied - A storage (3) 

Applicntion ERiciency: For plnnning puposes, or to judge performance of a system in the field, efficiency revolves not 
a n d  actual p h t  needs, but around bow well the system safisfies a pmeived need. Applimrion Efficiency, AE, is based 

... on the wncqX of a crop requiremena for that irrigation. The chosen required depth may be the soil-moisture. deficit SMD, 
or some smaller amount, say, to accommodate potential rainfall; it may contain a required I p a c b i n g ~ m ,  or it may 
simply be a typical target irrigation depth. Thus .. . 

AE = 
volutne of irrigation water contributing to the requirement 

x 100% 
volume of irrigation water applied 

A st& ~ ~ e n t  ekinaks  the necessity for spec'@i a time period in the definition. I£ the requrequkement is just equal 
to the sum of the expedgi bficial'uses, applidon efficiency provides an estimate for the potential irrigation efficiency 
(i.e., what the IE will be if Ibe expected benefits occur, and if the beneficial uses am uniform over the field). 

Potentinl application e f T i i c y :  With the assumption that the specified irrigation requirement is just met by the low- 
qunrter depth dh, the porenrial nppIicntion.efficiency of the low quarter, PAF& is given by 

PAE19 = volume of irrigation water contributing to requirement 
volunte of irrigation water applied such that db= requirement 

For a given system, this is of particular value in providing an cstimate for the gmss amount of water to apply. With the 
d i i i o n  shape moreor-less fixed, it provides minimal underirrigation, minimal excess deep percolation, and minimal 
runoff. 

Adequacy, Ar,,,: It is possible to attain a very high AE in a field by uoderirrigating. A complementary parameter 
indicating the degree to which the requiremen! dm, is mer is, thus, also a pertinent performance parameter. Adequacy 
based on a requirement to be satisfied by the lowquarter depth dh is defined by 

Iflow.qunrter deph is used as the scheduling criterion, then proper irrigation duration corresponds to AD,, = 1.0, with 
about 118th of the field underirrigated. Adoption of the criterion, ADk= 1.0, targets the average lowquarter depth rather 
thnn the absolute minimum. Table 1 highlights the significance of diierent values of ADw 

Deep Pmlntion is defina as that water in excess of leaching needs that penetrates beyond the mot zone. Because 
of nonuniform application, there can be nonbeneficial deep percolation even if, in some portions of the subject area, 
neither leaching, nor soil-moisture deficit is satisfied (see fig. 2). 

INTERPRETATION: CoDNrnptive Use and Irrigation Efficiency and Sagacity have no meaning except in the context 
of both a given time interval and a given spatial region of application. Application efficiency, however, by substituting 
a perceived need for achlalbfi ts ,  is event based and is not associated with any particular time interval. The potential 
application efficiency is realized when the Adequacy of irrigation is just unity. 

Universal adoption of precise ~ o l o g y  can do much to bring order and equity into water allocation and management 
decisions. 

FUTURJJ PLANS: A series of papers documenting various phases of the Task Committee's work will be published. 
The ensuing dialogue in the Socie?y and the profession should lead to a consensus. 

COOPERATORS: Charles Burt, Calif. Polytechnic State University, San h i s  OK&, CA; Kenneth H. Solomon, 
CaWbrnia State University, Fresno, CA. 
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Table 1. Significauce of Ad,, 

Charaderization of irrigation duration 

Underirrigation 

Proper 

Overirrigation 

Values of Ad,, 

AD4 < 1.0 

AD4 = 1.0 
AE=PAE1, if surface losses match potential values 

AD4 > 1.0 
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e Crop ET e Deep percolation 
Evaporation for for salt control 
climate control 

etc. 
etc. 

0 
0 
Y- 

e Phreatophyte ET Excess deep 
Sprinkler evaporation percolation 
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Figure 1 .  Distinction between beneficid and consumptive uses. 
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Figure 2. Disposition of infiltrated wnter. 
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IRRIGATION FLOW MEASUREMENT STUDIES IN CLOSED PIPE SYSTEMS 

J.A. Replogle, Research Hydraulic Engineer; and B.T. Wahlin, Civil Engineer 

PROBLEM: Propeller meters and end-cap orifices are well established flow measurement deviccs for closed pipe 
systems. However, both devicea have some major drawbacks. Propeller meters tend to become clogged in debris-laden 
flows. As a result, propeller meters are usunlly inserted into trashy flows for only a short period of time to get just a 
sample measurement, and tben they are removed. Problems with end-cap orifices arise from the pressure taps used to 
detect the head. A flange tap is located in an area of high velocity gradients and can lead to unstnble head readings. 
Pressure taps located upstream of the orifice introduce a permanent hole in the pipe wall and raise questions on whether 
the tap is truly free of burrs. Improving the propeller meter's ability to shed trash and tbe head detection method for end- 
cap orifices would make them more useful flow measurement devices. 

.. 
APPROACR Propeller meters for trash-filled flows were constructed by suspending swept-back (conical) propellers 
by their point instead of holding them in place from b d h l  (fig. 1). The front-holding brace was shaped to push the trash 
down aod away from the spinning pmpeller. A standard propeller meter gears the propeller to a totalizer device that can 
tben report the total volume applied or flow rata in the de.kd units. These mechanical gear systems can cause additiooai 
drag on the pmpeller and lead to prerirature failure of the meter. 'Ilre mechanical gear systems of standard propellers were 
eliminated in favor of mngnetic pick-up methcds to reduce the chance of failure. 

An altemnte pressure tapping system for the end-cap orifice using a small static Pitot tube (with holes drilled through 
its walls) to detect the pressure in the large pipe upstream of the orifice was studied (fig. 2). The tube was inserted 
through a grommet-sealed hole in the face of the orifice plate near the pipe wall. The Pitot sensing holes were placed 
one pipe diameter upstreamof the face of the orifice plate. 

FINDINGS: Laboratory and field tests on a prototype of the trash resistant propeller meter have been completed. The 
pmpeUer meter could shed most of the trash that came through the pipe. The only things that the meter was not able to 
pars regulsrly were long, siriqg items such as long pieces of surveying niban. These items tended to get caught in the 
spinning propeller blsdes before the front braca wuld push them away. Negotiations were success!i~l with Global Water, 
a meter builder iq Fair Oaks, California, to construct industrial prototrpes of the trash resistant propeller meter. 

The Catbration of the end-cap orifice using both flange taps and upstream pipe taps was verified using the laboratory 
weigh-tadk system (fig. 3). The University of Arizona provided a comparison for the flange tap calibration wbile the 
Natural Resource Conservation Service provided a comparison calibration for the pipe taps. The static Pitot tube was 
placed in the pipe nbout 114 inch from the wall. This distance was close enough to the wall so that trash did not become 
stuck on the tube and far enough away from tbe wall so that the wall did not affect the head reading. The method of 
readout bnsed on the static Pitot was confirmed to be viable. 

IW'EXPRETATIONS: Prototypes of the trash resistant pmpeUer meters from Global Water are expected in early 1996. 
W e  me&n wiU use a battery-powered read-out unit to display the current flow rate and total flow in various units for 
many pipe dismeters. The meter wiU consist of a 10-inch d i e t e r  propeller that r o w  freely on a stainless steel shaft. 
The trash resistant propeller meter will e l h b t e  the need for operators to constantly monitor the propeller meter when 
it is b e i i  used in trashy flows. Instead of b e i i  able to have the meter in a debris-laden flow for only short time periods, 
users can leave the meter in the flow for extended periods of time without worrying about whether or not the meter will 
clog. 

Implementation of the static Pitot tube for field use in an endcap orifice appears easy to do. This arrangement removes 
the uncertainty of a flange tap and does not create the inconvenience and uncertainty of drilling into the existing pipe 
walls. 

FUTURE PLANS: The first iodustrial prototype of the trash resistant propeller meter will he delivered in the spring of 
1996. Exteosive laboratory and field tests will be performed to verify the meter's ruggedness and trash-shedding abiity. 
To make the laboratory tests as similar to field conditions as possible, the laboratory plumbing is being modified to accept 
large concrete pipes supplied by the Salt River Project. The Wellton-Mohawk Irrigation and Drainage District will 
provide propeller meter wall brackets and assist in coordinating field testa within tbe ditrict. 
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Field-use verification of the endsap orifice will also be conducted. Initially, field testa will be performed at the 
Maricopa Agricultural Center. Later, additional field tests will be performed in cooperation with the Maricopa-Stanfieid 
Inigation and Drainage District. 

COOPERATORS: Salt River Project, Charlea Slocum of the Wellton-Mohawk Irrigaticn and Drainage District, 
Maricopa-Stanfield Irrigation and Drainage District, and John Dickerman of Global Water. 

Annual Report of the U.S. Water Conservation Laboratory



catch on shaft' stops propeller 
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Newer concept: Tnqh tend9 to 
nvoid shalt 

Figure 1. Weed resistant propeller meter. 

Figure 2. Static Pitot-pwBe andwallpressttre tapproduc~skniia~nsuits. 
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Figure 3. Comparison of VSWCL endsnp orifice calibrations to existing calibrations. 
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book chsptem were also written during the year. These book chapters can positively influence irrigation flow metering 
and contniute to water mourccs functions well into the next cenblry. The bwk chapters were: 
* Handbook of Waer Resources, Part I& Water Resources Supply, III.22 Irrigation System. Replogle, Clemmens, 

Jensen. Editor: Lany Mays (at publishers). 
Warer MeasuremenrMmural. A WmerReswrces Technical Publidon, US. Bureau of Reclamation. In cooperation 
with the Manual Revision Team (to USER Editors). 
Operaion and Design ofFamt Irrigm'on Sysremr. Editors: M. Jensen and R. Elliott. Revision and consolidation 
of Chapters 9 and 11. J. Replogle, ARS; and G. b e ,  ARS. (Draft to Editors). 
SubChapter (part of Chapter 2) "Measurement of Streadow.* Handbook @Hydrology. American Society of Civil 
Engineers. Replogle, ARS; and Riggs, USGS. (Still awaiting editors review). . Short Course participalion: Lectured at the Mexican Institute of Water Technology (IMTA) and at a Short Course 
sponsored by Texas Extension ~emonnel, EI Paso. 

' . Advice to USBR, ( 3 r d  Junction, on flow megsuriog s & u d u ~ ~  to be constructed h u g b o u t  the local imgation district 
distribution system. 

FUTURE PLANS: A 41 scaleddown model of an &foot Parshall flume will be caliirated, modified, and evaluated. 
Because Parshall flumes are not g~metricaliy similar, the model of a large Parshall flume will have a much different 
proportional shape than a standard 1-foot Parshall flume. 

A potential manufadurer of an adjustable flume appears ready to market the models for 2,4, and 6 cfs maximum flows 
by March 1996 under the name "Adjust-a-Flume." 

An idea for a sediment resistant flume system that combines critical-flow and supercritical-flow flumes for measuring 
heavily s d i - l a d e n  flows,has been temporarily suspended pendimg available sehlp space in the hydraulics laboratory. 

The new DACLvalve reported last year will be evaluated for contmllig irrigation gate flows to an adjustable constant 
mte. Testing will evaluate function and durability. 

COOPERATORS: Brent Mefford of the US.  Bureau of Reclamation, Charles Overbay an industrialist, Rien Bos of 
IW, and Jan Gmenestein of Groenestein en Bont vof, The Netherlands. 
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Figure 1. ParshnU. Flumes showing the tested modification and the large proportional diierences between a 1-A model 
and an S A  mcdel (scaled to bave the same width). 
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Adjustable sill 

Figure 2. Long-throated flume witb an adjustable sill. 
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MODIFIED LEAF GATES FOR CANAL CONTROL AND ELOW MEASUREMENT 

B.T. Wahlin, Civil Engheer; J.A. Replogle, Research Hydraulic Engineer; 
and T.S. Strelkoff, Research Hydraulic Engineer 

PROBLEM: Recently, overshot gates, or leaf gates as they are sometimes called, are becoming increasingly popular 
for controUing water levels in open channels (fig. 1). This popularity is partly due to the ability of the gates to handle 
flow surges with S i t e d  depth changes and the ease with which operators can understand the hydraulic behavior of the 
gates. 

The main prpose of most control gates is to maintain a constant water depth upstream so that orifice-based offtaka, 
usually locatedjust upstream of tbe gates, candeliver water at a near-constant rate regardless of the flow rate in the main 
canal. The control gates themselves can either he orifice-hased gates, such as sluice or radial gates, or weir-type gates. 

" Overshot gates combine the best aspects of both sharpcrested weirs and orifice control gates. With one of these gates, 
the water level can be cootrolled with the accuracy of a sharpcrested weir, and the gate can he adjusted with the ease 
of an orifice gate. Overshot gates also require less intuitive calculation in their operation because a 10-cm drop in gate 
height corresponds closely to a 10-cm drop in upstream water level. 

While water level control is useful, operators also need to know the flow rate at each gate in many cases. Recently, 
empirical discharge equations for bbth free-flow and submerged conditions have been developed for the overshot gate. 
While these results have already assisted operators in determining the flow rate cver the gates, it is still desirable to 
compare these empirical results to theoretical predictions. 

APPROAQI: Freasurfacy flows over weirs are extremely difficult to calculate because of the influence of gravity on 
the free-surface configuration. Analytical solutions for these typ" of probluas do not exist, and solutions must be 
obtained numerically. Dias and Tuck (1991) have recently presented a m&od in which twodiiensional freesurface 
flows over vertical and inclined weirs can be computed numerically. Thb method descnies the upper and lower nappen 
through a series of grid points, and the Bernoulli equation is then solved at each one of these points. A power series 
expansion is used to represent the horizontal and vertical components of the velocity at each of the grid points. Using 
D i i  and Tuck's method, theontical profiles of the upper and lower nappes were computed for weirs inclined at various 
angles. 

FINDINGS: The results obtained from Dias and Tuck's method were compared to empirical results obtained from the 
US. Bureau of Reclamation (1948). TheBureau of Reclamation performed profile measurements on water flowing over 
vertical weirs and over weirs inclined at horizontal to vertical slopes of 1:3,2:3, 1:1,2:1, and 4:l. Results from Dias 
and Tuck's methods compared very well to the Bureau of Reclamation's measurements (fig. 2). However, at the lower 
angles (2:l and 4:l slopes) Dias and Tuck's method predicted slight ripples in the water surface upstream of the weir 
crest. 

WI'ERPRETATION: The slight dierwces between the Bureau of Reclamation's profiles and Dins and Tuck's profiles 
at high angles can he explained by the dierent conditions under which the profiles were calculated. Dias and Tuck's 
method for calcuLating free-surface flows cver an inclined weir is developed only for an infinitely deep approach channel. 
The Bureau of Reclanxition's measurements, on the other hand, were, of course, performed in a channel of iinite depth. 
The Bureau of Reclanwtiondala with the smallest approach velocity head were used in the compnriscns to the theoretical 
results. It is w t  known why ripples appear on the water surface profile at the lower angles. It is hoped that increasing 
the number of nresh points will mince these ripples and smoxh out the profile. However, increasing the number of mesh 
points dramatically increases the calculation time. 

The good conrparison between the theoretical results and empirical measurements indicates that theoretical results can 
be used to further thwdmbdiog o ~ e v e r i n c l i n s d ~ w e i n ; - B y s e m p a r i o g  th+rttical .profiles at dierent 
angles, it is hoped that the accuracy of the empirical discharge equation developed last year can be improved. 

FUTURE PLANS: Reasons for the calculated ripples on the water surface profile at low angles need to he investigated. 
Also, more numerical profiles need to he calculated for angles diierent from the ones tested by the Bureau of 
Rechmtion Once this is done, theoretical contraction coefficients can be obtained from the profiles. It is also planned 
to modify Dias and Tuck's method to calculate free surface profiles for inclined weirs in channels of iinite depth. 
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COOPERATORS. UMA Engineering, Imperial Irrigation Ditrict, and h t e c ,  Inc. 

REFERENCES: 
Dim, F. and Tuck, E.O. 1991. "Weir Flows.nnd Waterfalls." 3. Fluid Me&., Vol. 230, p. 525-539. 

U.S. Bureau of Reclamation. 1948. Snrdies of Crests for Ove~allDains. Bulletin 3. Boulder CanyonPmject, F i  
Report. US. Bureau of Reclamation, U.S. Department of Interior, Denver, CO. 186 pp. 
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Figure 1.  General schematic of an overshot gate. 

Figure 2. Comparison of USBR profile data with Dins and Tuck method for weir inclined at a 1:l slope. 
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IRRIGATION CAN& AUTOMATION 

A.J. Clemmens, Supervisory Research Hydraulic Engineer; and 
RJ .  Strand, Engineering Technician 

PROBLEM: Modem, high-efficiency irrigation systems require a sufficiently flexible and stable water supply. Open- 
channel water delivery distribution networks are typically not capable of this high level of service. Stable flows can be 
achieved when little flexiiity in allowed since canal operators can force canals flows to ha relatively steady. Allowing 
more flexibility increases the amount of unsteady flow and leads to more flow fluctuations. 

Most canal cystems operate with mnnual upstreatn control. A constant water level at each offtake is maintained to keep 
delivery flow nrtes constant. The disadvantage of this system is that all flow errors end up at the tail end of the system. 
In iarge canals, supervisory control systems are used to adjust volumes in intermediate pools to keep diierences between 

" idow and outflow more evenly d i P t n i  in the system or simply stored until a balance is achieved. S d e r  c a d s  with 
insufficient storage need more precise downstream control methods than are currently available. Development of 
improved canal control methods requires convenient simulation of unsteady flow by computer. Many computer models 
of wteady canal flow have been built in the kt twenty yenni, some very complex and expensive, designed to model very 
complicated systems. Only recently hnve these programs been geared toward canal automation no that simulation of 
control algorithms could be efficiently made. 

The objective of this research is to develop tools to promote the adoption of improved canal openrting methods. This 
includes development and tasting of canal control algorithms, development of necessary sensors and hardware. 
development of centralired and local wntml protocol, refinement of simulation models needed for testing these methods, 
and field testing of algorithms, hardware, and control protocol. 

APPROACH: Control engineering will be used to develop control algorithms for one or more canal8 within the 
Maricopa-Stanfield Inigation and Drainage District (MSLDD). These control algorithms will be written into control 
soRware for Ute cenhal computer. Where possible, as much logic as practical will be written into the Remote Terminal 
Unit (RTU) software so that cootrol can be more precise. New gate position sensors wiU be developed and tested to 
provide fmer resolution of gate movement, while still providimg absolute position. Several control nlgnrithms will be 
tested to compare.the various advantages and disadvantages of these controllers and tuning methods. 

A CoaperativeResearch and Development Agreement between ARS and AUTOMATA, lac., was established for the 
purpose of developing off-the-shelf hardware and software for canal automation. We will work closely with 
AUTOMATA in the application and testing of this new hardware and soRware. 

FINDINGS: An ASCE task committee completed its prelimiaary work on classifying control algorithms, defining the 
influence of canal properties on canal controllability, and developing test cases. These results provide a stmng 
background for the cumnt studies. 

Field testing of simple canal control algorithms was performed on MSIDD's WM canal with the help of Jan 
S c h u u m ,  Delft University ofTechnology, The Netherlands, and his two students, Michael Ellerbeck and Guido Liem. 
Michael developed the Linearired model of the WM canal from which Guido developed specific controllers with 
MATLAB. The control routines were imbedded into supervisory control software written by Ken Taylor at Central 
Arizona Irrigation and Drainage District. No gate position sensors were available on the WM canal, thus we relied 
entirely on communications (i.e., when we asked the gate to move x mm and we received verification, then it moved x 
mm). This proved to be unsatisfactory. Also, the method used by the district to control gnte motors, while providimg 
some safety, was not efficient enough for real-time automatic control. 

Gate flow-rate control proved to he a more difficult problem than anticipated. It has been shown that control of flow 
rate gives better canal response fhau control of gate position. However, achieving accurate flow-rate control is not always 
m y .  Only rudiientq+lowla(c contmlwas.implcmeuted during-field-testing. 

Properly modeling canal conditions was essential. The conditions of the real canal were significantly different from 
Ute approxLnate canal, in terms of automatic control. In particular, it was found that the dynamic portion of pool 5 was 
actunlly extremely small, mnking it almost uncontroUable with pure feedback. 

Figure 1 shows a comparison between the linearized model of canal response and thefneasured response. Here, the 
second and third gates were moved for a brief time and then moved back to their original position. Note thnt the results 
of these small changes persisted for a long time. Such tests were performed on all gates for the WM canal, with results 
similar to Figure 1. 
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Figure 2 shows a simplified version of the new proposed controller. Here, the flow-rate control function at the gate 
is sepamkd fmm both the feedback and feedfaward components. Placing this portion within the RRTU will allow flow- 
rate control to he made on a shorter time scale tban feedforward and feedback (and with limited radio communication). 
(Ln figure 2, Q=slowrate, y=waterdep&, u=gate position). 

Figure 3 shows the m l t s  of one of the relatively successful feedback control field tests. This test was made on April 
10,1995. The gate downstream fmm pool 6, gate 6, was set to automatic flow-rate control. Gate 7 was closed, and the 
eighth pool was empty. A groundwater well pumping into pool 3 was shut off. Figure 3 shows the results of the 
controller in t e r n  of deviation from water level targets (e.g., M-1 for pool 1) and gate positions (e.g., G-1 for gate 
downstream from pool 1, expressed as flow ratc based on upstream watcr level beiig at the @get level). A simple PI 
conhuller was used without anticipation and withwt a Smith Predictor (i.e., like J3LFLO). Gate8 1-3 opened very quickly 
as expected. Gate 3 was not able to maintain constant downstream flow, and thus the level at p w l 4  changed. Pools 1 
and 2 returned to set point quickly, while pools 3 and 4 did not. This had a negative effect on pools 5 and 6. Pools 3 
and 4 not returning to set point resulted from high gate sensitivity. 

If such a situation had occurred when operators were not on duty or were at another site, the levels downstream from 
pool 2 would all have fallen at least 20 cm. Even this simple controller had the levels hack within 2 cm after an hour. 
While not very sntisfactory fmm a theoretical perspective, for the existing gate hydraulics, this level of control would he 
operationally acceptable. These results were reasonable considering the physical hardware available and the low level 
of controller sophistication. 

Through a cooperative agreement, Cal Poly adapted the CANALCAD program to fit more fully the needs of canal 
automation testing at MSIDD. It now more easily haodles centralized control algorithms. 

IIWERPRETATION: Th4 results of initial field testing were encouraging. Gate sensitivities caused more difficulties 
thsn anticipatd, emphas'ig ihe negt for accurate feedback on gate position and movement. Preliminary results on this 
canal poiot to the need to also include known, scheduled changes within the control system. These changes can easily 
he handled with feedforward, with minor adjustments or correction made with feedback. However, this means interfacing 
the control system with the water ordering system. The feedback algorithms also need additional testing. 

FUTURE PLANS: The MSIDD WM c a d  will he outfitted with new RTUs that are more easily progxwnmed with the 
necessary automatic control functions. New gate position sensors will also he installed. Once these are in place, the 
automation logic will he progxwnmed into the RTUs and central computer software. Field testing of the new routines 
and sensors will be made off-line. Then, new controllers for tha canal will he designed and field tested. 

A lateral canal with properties somewhat diierent from the WM canal will he selected for future d y s k  and testing 
of control algorithms. Discussions have also hegun with the Salt River Project regardiig development and testing of 
Automation on the Arizona canal. 

COOPERATORS: Lemy Feuer, Automata, Inc.; Gary Sloan, MSIDD; Ken Taylor, CAIDD; Jan S c h u u w ,  Dew 
U. of Technology, The Netherlands; Charles Burt, Cal Poly; Bob Gooch, Salt River Project; Victor Ruiz, IMTA, 
Ceumavaca, Mexico; Pierre Olivier Malaterre, CEMAGREF, Montpellier, France. 
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WATER REUSE AND GROUNDWATER 

H. Bouwer, Research Hydraulic Engineer 

PROBLJBk Increasing populations and finite water nsources demand water reuse, as do incrtasingly stringent 
treatment requirements for discharge of sewage effluent into surface water. The aim of this research is to develop 
technology for optimum water reuse and the role that soil-aquifer treatment can play in the potable and nonpotable use 
of sewage effluent. In Third World countries, simple, low-tech methods must be wed. Such methods will be applied 
to demonstration projects in the Middle East and North Africa under the White House Middle East Peace Initiative and 
the Technology for Intedional Environmental Solutions (TIES) program of USDA and EF'A. 

.. APPROACB: Technology based on previous research at the USWCL and more recent research ate applied to new and 
existing groundwater recharge and water reuse projects here and abroad. Main purposes of the projects range from 
protecting water quality and aquatic life in surface water to reuse of sewage effluent for nonpotable (mostly urban and 
agricultural irrigation) and potable purposes. 

Cooperative research b been continued with The University of Arizona to manage clogging layers for optimum 
benefits in intiltration eystems for gm'undwater recharge and soil-aquifer treatment where clogging layers ate not wanted, 
nnd in constructed wetlands, aqunculture ponds, and animal waste lagoons where clogging layers are wanted. Both 
hydraulic and water quality aspects are considered. New research is being developed on novel approaches, such as 
seepage trenches and techniques for we& or trench recharge with sewage effluent without reverse osmosis or other 
membrane filtration as pretreahnent. 

FINDINGS: Field and labomtory tests continue to show the usefulness of recharge and soil-aquifer treatment in water 
reuse. Main issues still are sustainnbility of soil-aquifer treatment and fato of recalcitrant organic compounds. Tests with 
experimental recharge trenches indicate acceptable recharge rates if suspended solids ate effectively removed. 

INIERPRETATIOiT Results will he applied to existing and planned groundwater recharge and soil-aquifer treatment 
systems. Research proposals for funding by research foundations have been prepared. Various national and international 
conferences on groundwater recharge, soil aquifer treatment, and water reuse were participated in. Other national and 
international conferences are being planned and prepared. 

FUTURE PLANS: Future plans primnrily consist of initiating and cwrdinatiig research on groundwater recharge and 
water reuse issues by other institutions and respondmg to requests to write, speak, and advise. 

COOPERATORS: The University of Arizona. 
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PEYSICAL, CHEMICAL, AND BIOLOGICAL CJlARACTERISTICS OF A S O E C I C E :  EFFECTS 
OF  SEEPAGE AND WATER m A T M E N T  IN WASTEWATER DISPOSAL FAULITIES 

Herman Bouwer, Research Hydmulic Engineer; and Martha ConWio, Professor of Hydrology 

PROBLEIM: Soil clogging occurs during artificial recharge and effluent disposal operations. Reduced infiltration and 
consequent pondiig are largely attributed to development of a s h e  layer, or "schmutzdecke." The objectives of this 
pmject are to determine: (1) physical, chemical, and biological processes occurring in the schmutzdecke, (2) improvement 
of water quality after it hss moved through the schmutzdecke (for example, effect of schmukdecke on pathogen removal 
or  nitrogen speciation), (e) how schmukdecke should be managed for specific needs (ii particular, to evaluate bow 
schmutTdecke affects flow of essential rmtriatL9: nitrogen and phosphorous), and (4) how hydraulics affect schmutzdecke. 

APPROACH: During the third year of this project, fifteen soil columns (3.25" i.d. x 39" length) were wed to study 
surface clogging layers. An additional column (3.25" id .  x 78" length) has been constructed. Columns am packed with 
poorly-sorted Agua Fria sand, Sweetwater sandy loam, or  North Pond silty sand. Filtered primary, dechlorinated 
sec~ndary, ozonated secondary, and denitrified effluents were applied to columns in alternating wetldry cycles. Various 
blends of swndary and primary effluent were applied during denitritication studies. Samples were collected from column 
influent and effluent for measurement of dissolved organic carbon (DOC), UV absorbance at 254 mm (UV-254), 
trihalomethane formation potential 0, pathogens, and nitrogen species. Ozonation of secondary effluent was 
performed at a bansfer ratio of 1:l and 0.51 (ozone to organic earbon). Biodegradable dissolved organic &on (BDOC) 
tests were wed to determine the fraction of DOC potentially degradable by aerobic bacteria over a five day period. A 
control column for each so? type received sodium azide-amended effluent for distinguishing aerobic versus nonaerobic 
removals of organics, nitrogen, and pathogens through schmutzdecke. 

FINDIh'GS AND INTERPRETATION: 
Removal of Organis-Table 1 lists organic lllwval efficimcies for l&m and 1-m columns containing Sweetwater sandy 
loam. Dierences in throughsolumn removal of DOC were significant for 1-m columns containing sandy loam (56%) 
and sand (48%). Removal for silty sand wta 44%. Mean column effluent concentrations of DOC were 5.1, 5.5, and 6.2 
mgiL for sand, sandy loam, and silty sand, respectively. Removal of W-absorbing organics was not significantly 
diierent for columns containing sand and s d y  loam (22 and 20%' respectively). Column effluent W-254 absorbances 
were 0.101, and 0.1081cm for sand and sandy loam, respectively. Column effluent W-254 was significantly higher 
(0.133 lcm) for the silty sand, from which desorbable organics were leached throughout a 6-month period of effluent 
percolation. Comparison of throughurlumn organic removals for biologically active and inhibited columns indicated that 
aerobic biological processes play a dominant role in removal of both DOC and W-254. Removals of DOC across 
columns receiving azide-amended effluents were on the order of 5%. For the inhibited columns, diierences in levels of 
organic removal atlniutable to soil type were not evident. 

Nitrogen Transformations-Ammonia breakthrough was observed primarily in the sand columns fed with secondary 
effluent after two to three days of flooding. While typically less tban 5% of influent nitrogen was in the nitrate form, 
nitrate was flushed out of the columns at extremely high concentrations over the first few hours of a wet period before 
dropping to near influent concentrations after one day of operation. The 'nitmte flush" was attributed to nitrification of 
ammonia during the drying period and its subsequent release as nitrate in the wetting period. Nitrogen removal was 
negligible in columns fed solely with secondary effluent. A 50150 blend of primary and nitrified secondary effluents 
applied to a 1 meter soil column yielded '72% removal of nitrogen based on mass balances of inorganic aqueous nitrogen 
species. The lowered ammonia content of blended effluent also contniuted to a reduced initial flush of nitrateduring 
flooding periods. A management strategy employing nitrifidnan-nitrified effluent blends would pmvide a degree of 
control over nitrogen t&rmations-endtnhaoce nihoge-ovalsduhg-SAT. 

Removal of Pathogens-Avemge thmugh-column bacteriophage removals in secondary effluent were 93 and 76% for 
sandy loam and sand, twpectively, a diierence which was significant at p = 0.001. Avemge bacteriophage removal in 
aide-ihiited sand columns was 45% suggesting that aerobic soil biota may contribute towards virus removal. Removal 
of poliovirus through sand was equal or greater tban removal of indigenous bacteriophage, indicating the suitability of 
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bacteriophage as a conservative indicator for poliovirus removal. Throughcolumn removal of Cryprarporidium oocysts 
was 3.8 and 3.9 logs through l m  of sandy loam and sand, respectively. 

Compariron of Primary versus Secondary Emue- coluuu~ fed filtered primary effIuent reached steady-state 
performme, percent removals of DOC and W-25'4 were greater than percent reductions achieved for secondary effluent 
(table I), however, the final water quality for secondary versus primary effluent (5.5 f 1.4 mgll vs 4.7 f 1.5 mgll and 
0.108 rt 0.006 cni' vs. 0.100 rt 0.011 mi' for DOC and W-254, respectively) was comparable. Enternvirus removals 
wem worse for primnry effluent (85%) than observed for secondary effluent. Significant log removals of total coliforms 
(3-4 log units) and fecal wlifom (5-7) were achieved, witb fecal coliforma ofien below detection i i t s  (1 MPNI100 ml) 
in the column effluent. There was very Gale phosphorus removal observed for the primary effluent. 

Compressibility Studies-Work has continued on onediiensional consolidation testing on statically recompacted soil . . specimens, specimens with mixed cultures of algae, and clogging layer samples form UA and ASU soil columns. A 
parametric study was conducted to assess the range of expected effective stresses on clogging layers due to infiltrating 
water. This lead to adoption of a two layered conceptual model of the clogging layec an upper layer consisting of 
particulate mntter 8ubject to compression under seepage forces and a lower layer consisting of native soil with entrained 
paticulnte mntter, and hence, redud Muiuctivity. A computer spreadsheet model has been developed which simulates 
growth, death, and sedimentation of algae and other particulate matter in the infiltration basin. 

PLANS: Future studies will include an examination of the fate of specific classes of organic compounds (e.g., 
bumic acids, fulvic acids, bydmphilics, and chloraectic acids) though schmututecke. A two-meter column containing 
Agun Frin sand is now in operation; experiments are in progress to determine throughcolumn removal efficiencies for 
DOC, W-254, THtvlFP, nftrogen species, indigenous bacteriophage, and seeded Cryparpodium oocyats. Additional 
experiments are underway to establish the effect of applied light on schmutzdecke, and soil oxygen levels on organic 
removal efficiency. 

Compsibiity studies which will be compleled include: consolidation testing of statically compacted soil specimens, 
sediiented soil specimens, various algae types, and other clogging layer components as ntquiwd; consolidation tests on 
samples of various cloggig layers, which were produced in infiltration columns or taken from an operating SAT site; 
and experiments.regruding the effect of variation in pond depth on the infiltration rate. Data obtained will be used to 
improve and parameterize mmodels of infiltration basins and flow through clogging layers. 

COOPERATORS: Martha Conklin, AssisM Professor; LG. Wilson, Hydrologist; Robelt Arnold, Associate Professor; 
C.P. Gerba, Professor; Kevin Lansey, Assistant Professor; David Quan~d ,  Peter Chipello, Pedro So-Navarro, John 
Hilhnan, Katanya Miles, Sean Carroll, and Mary Quionez, Research Assistants, University of Arizona; and Sandra 
Houston, Associate Professor; Peter Fox, Assistant Professor; and Peter Duryea, Research Associate, Arizona State 
University. 
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Table 1. Comparison of throu&olumn percent removal of DOC and W-254 aa a function of soil depth and soil type. 
I I I 
I Soil Depth 

Effluent 
TW 

Secondary 

Ozonated 

'Sweetwater sandy loam 
'Apa Fria sand 

1R crn 
% DOC %W-254 
removed removed 

Secondary 
Inhibited 
Control 
Fitered 
Primary 

23.2 12.3 
j5.3 +6.4 
22.1 9.9 

, I 

%DOC %UV-254 
removed removed 

15.7 f 4.1 
6.4 0.9 
13.9 f 2.8 - - 

, 2  

%DOC %W-254 
removed removed 

56.0 20.4 
f 10.4 f 5.7 
n/a ' n/a 

48.0 22.1 
f 7.3 f 5.7 
59.7 23.0 

9.8 4 .7  
f 9.5 f 6.2 
84.2 65.5 
f26.7 1 9.5 

f7.3 35.5 
14.6 5.7 
f l l . 1  112.0 

- 
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NITROGEN FERTILIZER AND WATER TRANSPORT UNDER 100% IRRIGATION EFFICIENCY 

R.C. Rice, Agricultural Engineer; FJ. Adamsen, Soil Scientist; 
and DJ.  Hunsaker, Agricultural Engineer 

PROBLEM: The ris'ing trend in nitrate levels of groundwater suggests that nitmgen fertilizern are. frequently being 
transported beyond the root zone. Improving management practices in irrigated agriculture may lead to better control 
of nitmgen contnmination of the gmundwater. Using feedback techniques such as soil and cmp nitrogen status and more 
frequent fertilizer applications with smaller application rates are suggested as better management practices. Previous 
studies indicated tbat 100% irrigation efficiency during the growing season limited the t m p o r t  of nitrogen to the vadose 
zone. However, preferential flow and spatial variabiity may cause water and nutrient losses from the root zone even 
under ideal management conditions. The objective of this study is to determine the movement of water and nitrogen 
fertilizer in the soil profile when irrigating at 100% irrigation efficiency and to develop associated Best Management 
Practices (BMPs) to protect the qunlity of underlying groundwater. 

APPROACH: Studies on cotton grown using level basin flood irrigation were continued in 1995. The experimentai 
design was a complete randomized block with six fertilizer-water application treatments and three replications. Each 
experimental plot was 108 m2. Mi&plob were established in each plot and fertilized with nitrogen45 labeled fertilizer. 
Potassium bromide was applied as a tracer with the first fertilizer application. Water movement in the soil profile was 
characterized with soil water content and tracer analysis. Evapotranspiration was estimated from soil water depletion data 
and energy balance techniques using metmrolngical data collected at the site. Irrigation scheduling was determined wing 
a soil water balance m&d. F.xpime& tmdmenb were as follows: 1) irrigation and fertilizer applications were made 
afcardiig to c m d  farm prkticea, with a) 100% irrigation efficiency, b) 80% irrigation efficiency, and c) 20% deficit 
irrigation; 2) irrigation applied fertilizer applications were scheduled according to residual soil, petiole NO3-N feedback 
with a) 100% irrigation efficiency, b) with 80% irrigation efficiency, and c) with 20% deficit irrigation. 

FINDINGS: Analysis of the soil samples have not been concluded. Prelimtuuy d y s i s  of the data indicate similar 
d b  as in previous years as shown in figure 1. RRe nitrate concentrations were greatest near the surface and decreased 
to low values at 60 to 90 cm. A nitrate peak occurred at depthn of 150 to 180 cm. The source of the nitrate peak was 
residual nitrogen in the pmlile that was leached by early irrigations. As in previous years, less nitrate was leached below 
100 cm at 100% irrigation efficiency and deficit irrigation for both the standard and BMP treatments. The deficit 
irrigation treahnent hnd the least NO3-N below the root zone. The BMP treatments showed lower levels of nitrate in the 
deficit irrigation and 100% efficiency treatments. At 80% efficiency, however, the BMP treatment was similar to the 
standard treatment. 

INTERPRETATION: Manngement practices such as applying fertiiizer at more frequent intewnls and irrigating at 
1M)% efficiency during the growing season may result in less leaching of the nitrate below the root zone. Nitmte levels 
increase during the fallow period probably from mineralization of organic nitrogen. Existing nitrate in the soil profile 
at the start of the growing season may be leached when nitrate is moved below the effective mot zone from early 
irrigations before the crop is establisbed. Best managema practices need to consider preplant soil nitrogen status, timing 
of fertilizer and irrigation applications and build-up of nitrate during the noncrop season. 

FUTURE PLANS: Nitmte leaching under different irrigation methods (drip or sprinkler) will he investigated. Fertilizer 
application methods such as cbemigation (applying with irrigation water), broadcast, side dressing, and foliar spray will 
be investigated. 

COOPERATORS: -3;E:Watson. Univ&(yof A+Lmmt,-h%icopaAgrica1(aral.Cenhr 
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Figure 1. Nitrate - N with depth for atandad and BMP treatments at 10% inigntion efficiency, 80% 
irrigation efficiency, and 20% deficit irrigation. 
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NITROGEN BUDGETS OF IRRIGATED CROPS USING NITROGEN-15 UNDER 
HIGH EFFlQENCY IRRIGATION 

F. 3. Adamsen, Soil Scientist; R. C. Rice, Agricultural Engineer; F. S. Nakayamn, Research Chemist; 
D. 3. Hunsaker, Agricultural Engineer; and H. Bouwer, Research Hydmulic Engineer 

PROBLEM: Nitrate is the pollutant most commonly found in groundwater. The contribution of nitrate to groundwater 
pollution carried by deq  percolating irrigation water could be reduced or elkhated by the development of existing and 
hew technologies. This & a betterunderstsldi of the total nitrogen required by the crops produced and the timing 
of nitrogea uptake as well as cbanicd and water transport in ihe sail environment. Careful timing of fertilizer applications 
and prudent operation of irrigation system to reduce the amount of water lost below the rooting zone can reduce thc 
movement of water and chmicals to groundwater. Theoretically, irrigating at 100% efficiency and carefully controlling 
fertilizer amounts and timing of applications should lead to no deep percolation and no fertilizer leaching losses. Crop 
leaching requirements could be met when soil nitrate levels are lowest. However, because of spatial variability, 
preferential flow, and incomplete uptake of nitrogen by the crop, 100% irrigation efficiency and optimum nitrogen 
management may still produce some deep percolation and transport of nitrate. to groundwater. 

APPROACE Research is being codducted through a series of experiments to evaluate water and nitrogen mnnagement 
practices. Wheat was grown in the 1991-1992, 19921993 aod 1993-1994 seasons using level-basin flood irrigation. Cotton 
was planted in 1993, 1994, and 1995. Future experiments will w e  other irrigation methods such as drip and sprinkler 
irrigation. The experimental design is a complete randomized block with six fertilizer-water applicution treatments and 
three replications. Experimental plots were approduwely 81 m' in sim in 1991 and 108 d in 1992, 1993, 1994 and 
1995. A diierent conservdve tracer was applied with each irrigation, and nitrogen-15 tagged fertilizer was applied to 
(hree micmplots in each main plot in 1991 and two micrn-plots in 1992,1993 and 1994. The benzoic acid tracers wed 
in previous years caused problems with cotton growth resulting in deformed plants and reduced yield, so the cotton 
received only bromide as a conservative tracer at the beginning of the 1995 growing season. Micro-plots were 
appmhukly 1 m'in 1991 and 1992 and 1.5 m' in 1993 and 1994. This aUows a complete water and nitrogen balance, 
including the amount of nitrogen removed with the harvested crop, percolation losses and volatile losses by diierence. 
The nitrogen stab18 of the crop was determined by tissue analyses and leaf chlorophyll content with a chlorophyll meter. 
Chlorophyll measurements may allow a rapid cost-effective method for determining the nitrogen status of a crop in real 
time and may be useful in determining the amount and timing of fertilizer nitrogen. Water movement in the soil profile 
is characterized by soil water content and tracer analysis. Evapttranspiration is estimated from energy balance techniques. 

Enpe r imd  treatments include 1) a "standard' fertilizer and irrigation w g e m e n t  procedure where irrigation and 
fertilizer applications are scheduled accodig  to cutreat farm practice with irrigation amount as 100% of estimated 
evapotrunspiration (ET), 2) same as treatment 1 except with 120% of ET, 3) same as treatment I except with a deficit 
irrigation equivalent to 80% ET, 4) irrigation-water-applied fertilizer application (chemigation) scheduled according to 
residual soil, petiole NO,-N feedback, and leaf chlorophyll content with irrigation amount as 100% of ET, 5) same as 
treahnent 4 except with 120% of ET, and 6) same as treatment 4 except with a deficit irrigation equivalent to 80% ET. 

FLNLXNGS: Yields of lint and seeds were slightly higher in the BMP treatments for the 80% and 100% 'o irrigation 
treatments, but the reverse was true for the 120% ET irrigation treatment by a much greater amount (Tables 1 and 2). 
Lint and seed yields increased with increasing irrigation for the Standard fertilizer treatment; but for the BMP fertilizer 
hMtrnent the yields, increased from 80% to 1W% 'o irrigation treatments but decreased slightly from the 100% to 120% 
ET treatment. The 1995 Mtton expriment was planted in a diierent field than was used in 1993 and 1994. The new field 
has some Bandy areas, and this may have affected the yields in some plots. Mechanical analyses are being performed on 
all of the plots, and the results will be used to determine if soil texture may have affected some treatments more than 
others or whether some Yariabloin~thstreaknent affcaedthryieldrattbhighest watcrqplicatiun rate. 

In 1995, lint yield of cotton was as much as 3.5 times greater than for the same treatment in 1994. This was due to the 
use of fluorinated benzoic acid tracers used in 1994. Seed yields of cotton responded similarly. 

Renovation of the laboratory facilities at USWCL has delayed the analysis of many of the soil samples for inorganic 
nitrogen and nitrogen-15. These analyses will be completed as soon as is practical. 
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INTERPREXATION: The use of BMP nitrogen maaagement reaulted in yields of lint and seed that were as high as those 
from the standard treatment for two of the levels of water application p b t e s  1 and 2). The BMP nitrogen management 
systemused approdmately 10% less nitmgen than did the Stendad treatment, which means lower percentage of residual 
nitrogen in the soil. This means far less nitrogen available for leaching in the BMP management system. 

There is no obvious reason for the trend of BMP fertilizer treatments yielding higher than the Standard feriilizer 
treatment in the 120% ET water trmtmmt. There may have been some differences in soil water holding cnpacity amongst 
plots that affected some treatments more than others. 

Yields of cotton were still highest at the 120% ET irrigation level (Table 1). Either the estimates used for El' or the 
loss of water below the root zone is greater than expected. Cotton is sensitive to moisture stress and errors in water use, 
or water loss can result in unexpected water stress on the plant. Additionally, variationn in soil properties away from 
points where water use measurwnenls are made can result in portions of the field receiving water after stress has affected 

. . some of the pb& in the field. Further analysis of all of the data that has been collected during this study should answer 
these questions. 

FUTURE PLANS: Analysis of the data from the current and past years studies will be completed and recommendations 
for improvements in the current BMPs for water and nitrogen will be developed. Data from past years indicate that 
minedzation of nitrogen during f$ow periods results in nitrate being leached below the root zone when the preplant 
irrigation is applied. To overcome this problem, new BMPs will look at the entire cropping system rather than the crop 
specific recommeadations currently used. Additional irrigation melhods also need to be investigated. The mtes of 
movement of chemical tracers and labeled nitrogen will be used to assess the impact of preferential flow on the movement 
of nitrate and other pollutants to groundwater. The data set should be suitable for evaluating current soil models that 
predict the quality of water moving below the mot zone. If oo suitable models exist, a model development and verification 
effort can be initiated. 

COOPERATORS: J. E. Watson, The University of Arizona Marimpa Agricultural Center; T. L. Thompson, The 
University of Arizona Department of Soil and Water Science. 
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Table 1. Lint yield of cotton from the 1995 irrigation and fertilizer management study. 

Nitrogen Application Method 80% ET 100% ET 120 % El' Average 

kg ha" 

Standard 767 1133 1317 1072 

BMP 803 1170 1140 1038 

Average 785 1151 1129 1022 

Table 2. Seed yield of cotton from the 1995 irrigation and fertilizer management study. 

Nitrogen Application Method ' 80% ET 100% ET 120 % ET Average 

-v - 
Standard 1303 1820 2227 1,783 

BMP 1323 1927 1853 1,701 

Average 1,313 1,874 2.040 1,742 
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EVALUATION OF RAPE AND CRAMBE AS POTENTIAL WINTJ2R CROPS TO 
REDUCE NITRATE ACCUMULATION IN TEE SOIL 

F. J. Adamsen, Soil Scientist; W. L. Alexander, Agronomist; and R. C. Rice, Agricultural Engineer 

PROBLEM: Forantion of nitrate during fallow periods in irrigated cotton rotation systems can lead to leaching of nitrate 
to groundwater when preplant irrigations are applied in order to make the soil suitable for tillage operations. One solution 
to tbis pmblern is gmwing a winter crop thatutilizcs residual nitrogen and nitrate mineralized during the winter. Because 
of the cost of water, any crop grown in the winter under irrigated conditions must have an economic return in order to 
gain producer accep(aoce, and a crop must be found that can be planted after cotton is harvested in the fall and harvested 
before cotton is planted in the spring. Two crops that may meet these restrictionn are rapa and crambe. Industrial rape 

. . and cramhe both contain erucic acid, which has industrial potential, and Caoola types of rape are valuable as a source 
of unsaturated cooking oil. Both of these cmps are short, cwl season crops that may meet the short growing season 
requirement and have a significant nitrogen requirement that would take advantage of residual nitrogen in the soil. 

APPROACa.. Research is b e i i  wnducted thmugh a series of field experiments to evaluate yield potential and maturity 
datea of rape and crambe. One variejy of crambe, one variety of mustard, one variety of springtype industrial rape, and 
sevenvarieties of spring Canola h/pe of rape were planted in the 1994-1995 growing season in 2 X 12.2-m plots on three 
plantikg datea fmm late Odoher to early December. Row spacing was 0.25 m. For the 1995-1996 growing season, one 
variety of spring industrial rape, one variety of crambe, and ten varieties of spring Canola type rape will be planted with 
three ptanting datea from lab October thmugh mid-December. The spring industrial and two of the spring CanOla types 
of rape are campestra type of the species Emrim ngm, while the other Canola types of rape are From the species Bmim 
"PUS 

FINDINGS: In the 1994-1995 crop year, rodent damage to the Canola types of rape was minimized through an 
aggressive d e n t  control pmgram. Harvest dates varied from Apr 10 to May 5 (Table l), which was later than in 1994. 
The later harvest dates in 1995 were a result of cool weather in the late spring. For the fust planting date, as in 1994, 
R-500 was the earliest maturing along with Crambe and Hi. The Canola types were all harvested within a fourday 
period horn the first plantikg date. Cramhe was the first to mature fmm the second planting date. The Hi, R-500, and 
the Canola hipes were harvested on either Apr 27 or May 1. The third planting date was harvested fmm May 2 through 
May 5. A severe windstorm caused many of the varieties to shatter. The highest yields were achieved with A112 and 
Oscar at over 3500 kg &' (table 1 and fig. 1). In general, yields from the third planting date were lower than those fmm 
the first two plnnting dates. Pslt of the yield reductions were due to shattering at the end of the season. The yields of the 
mustard, Hirta, was only IMM kg ha". 

INTERPRETATION: Yields of the mustard, Hi, were lower than needed for economic viability for the crop. The 
plant grew well, matured early, and shaming was not a problem. Many weeds are closely related to mustard and present 
problems for control. Based on the 1994-1995 results, Hi will he dropped from the study. Cramhe yields were over 
2000 kg ha" for the first two planting dates. Yield of crambe in the third planting date was reduced by shattering losses 
associated with a windstorm in early May. The earliest harvest date was 12 days later in 1995 than in 1994 as a result 
of cool temperatures. The delay in harvest date also would delay planting of cotton. The cool temperalures delayed 
emergence and the development of cotton seedlings to such an extent that a delay in planting would not have affected 
cotton. Yields of Canola above 2500 kg ha" are considered economical in the southeastern U. S. We were well above 
that for several varieties, indicating that Canola production in rotation with cotton is potentially economically viable in 
the desert southwest as a winter crop. 

FUTURE PLANS:-Int996,-eduati~and-~rambe wiH-be contirmed;additiomd-earkmaturing varieties of rape 
from the Colorado breading program will be added to the program, and earlier maturing varieties of Crambe will be 
sought. Irrigation and other agronomic shuiies will he conducted to make the yields of winter crops economical. 
Additional studies will be initiated to determine the water and fertilizer requirements of rape and crambe under local 
conditions. The results of the planting date by variety trial and water use and fertility,trials will he used to develop a 
rotation system with cotton thnt will provide year-round cover on the soils which should improve year round nitrogen 
management. 
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COOPERATOW. Paul Raymer, Coaslat Plain Experiment Station, Georgia; Lany Semek, Agrigenetics, 
Madison,Wisconsin: Jennifer Mitchell Fetch, University of North Dakota, Fargo, North Dakota; Duane Johnson,, 
Colorado State University, Fort Collins, Colopdo. 
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Table 1 .  Rape and Crambe yields in the 1993-1994 crop year at Maticop Agricul(ura1 Center. W data ia based on 
replication. 

. . 
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Figure 1. Yield of 1994 rape, crambe and mustard from three planting dates in the fall of 1994. 
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ASSESSMENT OF NITRATE LEACHING UNDER COMMERCIAL FIELDS 

F. J. Adamsen, Soil Scientist; and R. C. Rice, Agricultural Engineer 

PROBLEM: Application of excess nitrogen to nops such as mtton and subsequent application of excess irrigation water 
can result in movement of nitrate to groundwater. When nitrate is found in groundwater, agriculture is d y  aseumed 
to be the source of the conkmimtion. A number of surveys of Midwestern fields indicate chat farm practices are 
responsible for at least prut of the nitrata that finds it way into groundwater. Under irrigated conditions, nitrate leaching 
is a W o n  of irrigation efficiency and spatial variability as well as fert'llizer management, which makes assessment of 
the problem more complex. 

APPROACH: Research is being conducted by taking soil samples from commercial fields before planting and after 
" a crop has been kuvested. Three transects are taken across each field with five samples taken in each transect. Spacing 

of samples along the trans& was based on the length of the run. The first sample was taken 10% of the run length from 
the top of the field. The next four aamples were taken 20% of the run length apart. A 2-m by 2-m area is amended with 
KBr before the start of the growing season so that the depth of penetration of chat season's irrigation water can be 
determined. The positions in the transect are numbered from one to five starting at the upper end of the field. Samples 
are taken to a depth of 270 cm and &alyzed for ammonium, nitrate, bromide, chloride, and texture. Water samples are 
taken from each higation and the concentrations of chloride, nitrate, and ammonium determined. Chloride values in the 
soil will beused to pmvide a crude estimate of actual evapotranspiration. In 1995, samples were taken from three fields 
on two farms. Two of the fields were planted to cotton and the other to spinach. Two of the fields have no runoff, and 
the third is sloping with runaff. In the thinf field, flumes were installed to allow measurement of water entering and 
leaving the field. ~utomated'data d e d i o n  systems were operated during each irrigation during the 1995 growing season 
for cotton. 

FINDINGS: Both of the farms monitored in 1995 were in the Maricopa-Staofield Irrigation and Drainage District 
(MSIDD). Each water delivery point in the district has a system that determines the totnl amount of water delivered at 
each point. The field with nmaff was not the only field served by the delivery point for the field, which required the use 
of flumes in the.incoming ditch as weU as the runoff chanoel. The other fields were the only ones served by their 
respective delivery points; and, since there was no runoff on those fields, we used the MSIDD values recorded by the 
producer after each irrigation to determine the water applied to the field. For the field where detailed information is 
avaiiable, the effed of having two inigators can be seeo as diierences in inflow chat follow approximately 12-hour cycles 
(fig. 1). The rates of inflow chnnge from one irrigator to another and result in nonunifotmity in the application. While 
this level of data is not available for the second farm, some of these effects are assumed to have occurred there as well. 

The profiles of residual N0,-N are variable within the same field. In some cases NO3-N is low throughout the profile 
over the full length of the field (fig. 2). while in others, the concentration profiles NO3-N show that leaching has occurred 
(figs. 3 and 4). In the case field, A3C leaching occurred at various locations in some transects, while in field A10, most 
of the leaching occurred at the low end of the field. 

INTERPRETATION: Based on the observations made during the growing season, uniformity of application, especially 
in sloppl fields, is p r .  This is a result of both soil variation and application diierences. Because at least two irrigatora- 
oneat night, one during the day-diierences in application occurred. Length of tun and soil variability both affected 
movement of nitrate. In the case of field A3C, the producer did a good job of managing the water and nitrogen inputs, 
but as seen in figure 3, soil variations caused problems in some ~ e a s  of the field. Results of textural analysis show tbnt 
sandy spots are the likely cause of the leaching in this field. In field A10, however, the pattern of leaching suggests that 
the length of tun may be responsible for the deep penetration of the NO,-N. In this field, water collects at the end of the 
field, resulting in deeclpacpenehtionof-fbcwater. 

rmnlRE PLANS: In 1996, the study will be expanded to include additionnl producers in the Yuma area. Selection of 
additional sites will be based on the crop rotations, soil type, and irrigation method. 

COOPERATORS: B. Ekholt, P i  County Irrigation Management Service; T. L. T&ompson, University of Arizona 
Dept. of Soil and Water Science. 
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Figure 1. Example of water inflow and runoff for field 1-OL for the irrigation starting August 5, 
1995, and ending August 11, 1995. 
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Figure 2. Profile of residual NO,-N in the soil in field A3C in the noah transect for 
five locations with location 1 being the head of the field. 
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Figure 3. Pmfde of residual NO,-N in the soil in field A3C in the south trnnsect for 
five locations with location 1 being the head of the field. 

Figure 4. Profile of residual NO,-N in the soil in field A10 in the noGh transect for 
five locations with location 1 being the head of the field. 
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SIMULATION OF  CHEMICAL TRANSPORT IN SOILS FROM SURFACE IRRIGATION 

T.S. Strelkoff, Research Hydraulic Engineer; F J .  Adamsen, Soil Scientist; 
and A.J. Clemmens, Supervisory Research Hydraulic Engineer 

PROBLEM: Inigation mansgement influences the quality of hoth surface and groundwater supplies. Chemigation 
introduces agricultural chemicals into (be irrigation water. Initially clean irrigation water pich up agricultural chemicals 
and n a t u d y  occurring minerale, some toxic, from the surface of fields and from confact by percolation through the 
porous soil medium. Nitrogen, chlorinated organic compounds, and heavy metals, for example, brought to farm fields 
in the m e  of agricultural operations; and n a t u d y  occurring chemicals, like selenium, can be transported to surface 
or subsurFace water supplies by the movemwt of irrigation water, to the detriment both of human consumers of the water 
resource and wildlife dependent on these bodies of water. .. . The tmnrpart, transfannation, and ultimate Fate of chemical components of the irrigation water depend on the quantities 
of water remaining in the root zone after the irrigation, the quantities running off the end of the fields into drainage ditches 
and c d ,  and the quantities that continue to percolate through the soil, entering evenhlatIy either a groundwater aquifer 
or a river fed from gmdwater  seepage. The chemical and physical reactions between the water, the soil medium, and 
the particular chemicals involved significantly influence the transformation and ultimate fate of the chemical constituents. 
Fingering of the water front advancidg downward through the soil medium occurs hoth as the result of nonhomogeneous 
soil, with worm and mot channels, and layering of soils with a layer of low permeability overlying one of great 
permeability. This results in more rapid transport of waterborne constituents to the groundwater table than with 
reasonably homogeneous soils. 

In the porous subsurface medium, many existing models view variation in only one dimension, the vertical, assuming 
no movement parallel to the ftream flow. However, i n r e f l w  is known to occur, especially on steep slopes and, in fact, 
provides a meam of transport of groundwater, along with its chemical constituents, into surfme streams. 

The goal of thjs research effort is a predictive tool, a computer model, capable of simulating the transport and fate of 
chemicals, and thus capable of predicting the chemical response of a given agricultural field and its geologic site to one 
or another irrigation-mnnagement practice. Computer simulations would allow comparisons among various trial 
management modes in a program to seek optimum solutions. This would make possible recommendations on the basis 
of environmental~onsiderations as well as upon water conservation and crop yield. 

APPROACB: Two dierent pmblems comprise the subject of investigation: (1) transport of a contaminant by irrigation 
water from a contaminaLed soil-surface layer to stream flow and to the groundwater via deep percolation, and (2) the 
d i t n i o n  of a chemical intromtced mmmiformly with the irrigation inflow, e.g., a pulse of chemical introduced at some 
t i e  &r the start of irrigation. Both problems are to be treated by a plane two-dimensioanl (longitudii and vertical) 
mathematical simulation, coupling a solution of the turbulent Navier-Stokes equations augmented with a two-equation 
turbulence model in the surface stream to a solution of the equations for unsaiurated flow in a porous medium in the 
underlying soil. The two regions share a common vertical velocity field at the interface. 

Mass trancport is modeled in the entire system through dispersivities calculated from the flow equations. Sorption and 
desorption are incorporated in terms of both equilibrium and nonequilibrium kinetics of semi-empirical detenninntion. 
The same is tme for vo In t ' i on ,  degradation, and leaching processes, incorporated as sink terms in the mess transport 
model. 

A physical model with a graded snnd bed is to be used for verification of the mathematical model. 

FINDINGS: The hydrodynamic portion of the simulation model has been completed, accuracy and conservation 
properties established, nnd comparisons with an existing depth-averaged model mnde and documented (Bradford and 
Katopodes, in press,). Figure 1 shows sample pressure and velocity diitniutions in the surface flow and in the soil 
mdum a few secnnds ~ o n o F i r r i g n t i o n ~ ~ h u n n d v a n c e ; - ~ F i g u & ~ ~ a ~ i c t u m ~ ~ e l o c i t y  pattern with a soil 
possessing an artificially high permeability to exaggerate the velocity magnitudes within the soil medium. 

A significant theoretical discovery was made regarding the unsaturated-soil-flow model component and its mass 
transport counterpart. The cause of spurious modes near the wetting front has been identified and a method for their 
removal implemented (Bradford and Katopodes,The Antic - Monotone, inpress). 
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A model based on the hutxlleoce cha,mde&tica of the flow has been developed for predicting the flocculation, settling, 
depasition, and emsion of cohesive sediments. The shear rates and kinetic energy of the hydrodynamic model are used 
for the calculation. The model has been validated for five diierent grain sizes on the basis of published experiments. 

Numemu$ hypothetical nms involving chemical transport have been made using a complete gm-bio-chemistry module 
based on published reaction rates. No validation has been possible as yet. 

Severat experimenls have been perfcrmed with the laboratory sand-bed flume. Initial experiments involved the use of 
dye soMons to allow visualLation of flow behavior in the flume. The results showed that after a period of time, the flow 
was genedy uniform. A set of experiments were then conducted to examine mass transport of solute between surface 
flow and soil-pore water. Bromide was used as the tracer in two scenarios. (1) The soil profile (3 inches deep) was 
saturated with a solution of CaCb; a solution of CaBr was then intrnduced as a surface flow. Solution samples were 
collected from the soil and d y a d  with colorimetry to determine mass transfer of Br from the surface stream to the soil 
water. The two solutions were matched for density. Scenario (7.) was the reverse of (1); the soil profile WRS snturated 
with a CaBr, solution, and then a solution of CaC& was introduced into the surface stream to induce transfer of Br out 
of the soil pmfile. Both sets of experiments showed behavior indicative of uniform, steady surface flow with diffusive 
mnss transfer of Br in mponse to concentration gradients between the surface flow and the soil-pore water. Figure 3, 
for scenario (2), shows the reduction in Br at three diierent depths within the soil profile. 

WI'ERPRETATION: The simulatibn model is ready for cnmpariaons with physical experiments in the flume. It shows 
promise for simulating the chemical transport by surface irrigation to a useful degree. With increased use and 
verification, it should serve both as a research tool in evaluating one or another irrigation m g e m e n t  practice and as 
a theoretical base for more approximnte, more practical simulations. 

FUTURE PLANS: The thing of f i r e  plans depend upon the extent of funding available. The mathematical model 
will be exercised over a mnge of practical conditions to establish and strengthen its reliability. Specific chemical 
cnnstihrents to be incavrated intn the model wili be selected, along with currently available figures on reaction kinetics. 
The physical flume and mathematical model will he operated under mutually equivalent conditions to test the various 
model assumptions, establish appropriate values for numerical solution pnmmeters, and verify performance. 

COOPERATORS: N.D. Katopodes, University of Michigan; M.L. Brnsseau and P.M. Waller, The University of 
Arizona. 

REFERENCES: 
Bradford, Swtt and Nikolaos Kntopodea, (inpress). Nan-Hydrostatic Model for Surface Irrigation, J o u d  of Irrigation 
and Drainage Engineering. ASCE. 

Bradford, Scott and Niolaos Katopodes, (inpress). The Anti-Monotone, Anti-Dissipative Character of Petmv-Galerkin 
Upwindiing, J o u d  of Numerical Mefhods in Fluids. 
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Figure 1. Pressure and velocity fields at t=1.5 aoconda. Unit inflow is 0.5 m21s. 
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Figurr 2. Velocity field with exaggerated soil permeability. 

Figure 3. Reduction in Br concentrations in soil-pore water with time at various depth 
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PROGRESS AND PLANS FOR THE FRFsE-AIR COz ENRICEMENT FACE) PROJECT 

B.A. Kimball, Soil Scientist: P J .  Pinter, Jr., Research Biologist; G.W. Wall, Plant Physiologist: 
R.L. LaMorte., Civil Engineer; D J .  Hunsaker, Agricultural Engineer; F.J. Adamsen, Soil Scientist; T.J. Brooks, 

Research Technician; and F.S. Nakayama, Research Chemist 

PROBLEM: The CO, concentration of the atmosphere is increasing and expected to double sometime during the next 
centluy. Climate modelers have predicted that the increase in CO, will cause the Earth to warm and precipitation patterns 
to be altered. This project seeks to determine the effects of such an increase in CO, concentration and any concomitant 
climate change on the future productivity, physiology, and water use of crops. 

APPROACB: Numerous CO, e n r i c h e d  studies in greenhouses and growth chambers have suggested that growth of . . most plants should increase about 30% on the average with a projected doubling of the atmospheric CO, concentralion. 
However, the applicability of such work to the growth of plants outdoors under less ideal conditions has been seriously 
questioned. The only approach whose realism is unquestioned and which can produce an environment as representative 
of future fields as possible today is the free-air CO, enrichment (FACE) approach. 

The FACE approach has been criticized because the prodigious quantities of CO, required make it expensive. A FACE 
experiment is expensive, but because of the relatively large area of the FACE plots, there is a huge economy of scale, 
so that per unit of treated plant material, FACE costs 114 or even less than the cost of other approaches. Thus, there is 
an economic incentive to have many scientists cooperate on large, comprehensive FACE experiments. 

About 20 scientists from ARS, BrooWlaven National Laboratory, and several universities have cooperated on a FACE 
project from 1989 to 1991 at the Univenity of Arizona's Maricopa Agricultural Center (MAC). These experiments have 
yielded a wealth of infonhion about the growth and physiologicel responses of cotton to elevated CO,, at ample and 
limiting supplies of wafer, as reported in, FACE: Free-Air CO, Enrichment for Plant Research in the Field, edited by G.  
R. Hendrey, and in a special issue of Agricuhml and Forest Meteorology, edited by W.A. Dugas and P J .  Pmter, Jr. 
Data sets in IBSNAT format suitable for validation of plant growth models have been prepared. 

From December 1992 through May 1993 and from December 1993 thmugh May 1994 two more FACE experiments 
were conducted, this time on wheat at ample and Kit ing levels of water supply. Fifty scientists from 2.5 different 
research organizrrtions in eight countries have participated, measuring leaf area, plant height, abovegroundground biomass 
plus roots that remained when the plants were pulled, apical and morphological development, canopy temperature, 
reflectance, chlorophyll, light use efficiency, energy balance, evapotmpiration, soil and plant elemental analyses, soil 
water content, sap flow, mot biomass from soil cores, photosynthesis, respiration, stomatal conductance, leaf water 
polential, wbbydtates, pbotosy&&c proteins, antioxidants, stomatal density and anatomy, digestibility, decomposition, 
grain quality, soil C 0 2  fluxes, and changes in soil C storage from soil and plant C isotopes. All of the data will be 
assembled in a sla&rd format for validation of wheat growth models. Seven collaborating wheut growth modelen plan 
to utilize the data. 

FINDINGS: It is beyond the scope of this report to review the results presented in the abovegroundmeotioned book, 
paper, and numerous manuscripts. Briefly however, averaged over three years, cotton yields were increased about 40% 
with CO, concentrations elevated to 550 ppm, and there was no significant increase in water use. 

Analyses of the data fmm two FACE Wheat experiments (1992-3 and 1993-4) are not complete although 28 manuscripts 
have been prepared, and 16 are published or in press in a variety of journals. However, the growth, morphological 
development, soil water balance, and energy balance aspects are reported in this volume' by 'nter et al., Wallet al., 
and Kimball et 81. Briefly, wheat responded much differently than cotton to elevated CO,. Early in the season in January 
and February when temperatures were cool, there was little response to CO, (concentrations of 550 p o U m o l  and 
ambient). Then as temperatures wanned into spring, the FACE plants grew about 20% more than the CONTROL plants 
at ambient CO,. The number of tillers per plant was increased from about 4 to 5. -Then in May a surprising thing 

'See "Seasonal Dynamics of PAR Absorption and Conversion Efficiency by Spring Wheat: Effects of Free-Air CO, 
Enrichment (FACE) and Water Stress" by Pmter et al., "Effects of Free-Air CO, Eqichment (FACE) on the Energy 
Balance and Evapotranspiration of Wheat" by Kimball et al., and "Photosynthesis and Conductance of Spring Wheat 
Leaves Grown In A Free-Air CO' Enriched (FACE) Atmosphere and Variable Soil Moisture" by Wnli et al. 
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h a d .  TheFACE plan& matured and s e n d  earlier by 7-10 days than the CONTROLs, such that the extra growing 
time allowed the CONTROL plants to m o w  the final difference to about 10% in the well-watered plots, while the 
difference remained at about 20% in the water-stressed plots. The FACE plants averaged 0.6OC warmer than the 
CONTROLs, day and night, all season long, in the well-watered plots, and we spzculate thnl this temperature rise caused 
the earlier mahtrity. Water use was decreased slightly, 5 to 8%. as indicated by water and energy balance measurements. 

INTERPREXA'HON: The increasing atmospheric C 0 2  concentration should be beneficial to future cotton production 
nnd probably other indeterminate crops growing in warm climates, provided water supplies do not change significantly. 
However, cwl-season determinate crops such as wheat probably will benefit also, but not as much. Irrigation 
requirements may be somewhat reduced for future wheat production, provided climate changes are minimnl. 

. . FUTURE PLANS: FACE wheat experiments at ample and limiting sui;plies of soil nitrogen will be conducted starting 
mid-kember 1995 through May 1996 and again in 1996-7, funded by the Department of Energy through a grant to the 
University of Arizona. U.S. Water Conservation Laboratory personnel will be m j a r  collabomtors on the project and will 
pmvide mnnagement support. Top- for these upcoming experiments, in December 1994 the field at Maricopa was 
planted to a crop of oats which was m o v e d  fmm the fiekl while green in order to withdraw as much nitrogen as possible 
from the soil, and the field was a!so leached with 15 cm of water in early December 1995. A feature of the 1995-6 
experiment is that blowers are being added to the control plots to make them more like the FACE plots, and there will 
be two "ambient" plots with no blowers. Thus, we plan to evaluate the effect of these blowers on crop growth in addition 
to the main experiment of determining the interactive effects of varying CO, and soil N on wheat response. 

COOPERATORS: 
Arizona State University, Tempe, A 2  - D. Clark, A. Wcbher 
Brookhaven National Laboratory, Upton, NY - G.-Y. Nie, G. Hendrey, K. Lewin, J. Nagy 
Colorado State University, Ft. Collins, CO - W. Hnnt, S. Smith 
Free University of Amstentam, Amsterdam, Netherlands - A. Frumau, H. Vugts 
Grassland Protection Research (USDA-ARS, Temple, TX) - H. Johnson, H.A. Torbert 
Humbolt University, Berlin, Gennany - G. Wechsung 
Inst. Environ. And. and Remote Sens. Agric., Florence, Italy - A. Giuntoli, F. Miglietta 
Kansas State University, Manhat~m, KS - R. Senock, J. Ham 
Lawrence Livennore National Laboratory, Livennore, CA - J. Amthor 
National Institute of Agro-Envimnmental Sciences, Tsukuba, Japan - Y. Hararono, K. Kobayashi 
National Soil Dynamics Laboratory, USDA-ARS, Auburn, AL - S. Prior, H. Rogers 
Potsdam Inst. for Climate impact Research, Potsdam, Gennany - F. Wecbung, T. Kartschall, S. Grossmanu, M. Bauer, 
J. Grafe 
Rocky Mount. For. & Range Exp. Sta. (USDA-FS, Ft. Collins, CO) - N. Nikolov 
RusseU Research Center (USDA-ARS, Athens, GA) - D. Akin 
Soil and Plant Nutrient Research, USDA-ARS, Ft. Collins, CO - A. Mosier 
Texas A M  University, College Station, TX - A. Johnson 
Universiti? della Tuscia, Viterbo, Italy - M. Badiani, A.R. Paolacci 
Universitat Autbnoma, Barcelona, Spain - M. Estiarte, J. Peiiuelas 
University of Alberta, Edmonton, Alberta, Canada - R. Grant 
Univenity of ArLona, Mariwpa and Tucson, AZ - R. Rauschkolb, H. Cho, S. Lenvitt, T. Thompson, A. Malthias, P. 
Van de Water, T. Brooks 
University of Essex, Colchester, UK - S. Long, C. Osbome, A. Ball 
University of Guelph, Guelph, Ontario, Canada - A. Hunt 
University of Idaho, Moscow, W - A. Trent, L. Aiguo 
University of Florida (USDA-ARS, Gainesville, FL) - J. Vu, T. Siclair, L. Allen 
University of Wisconsin-Madison, Madison, WI - J. Schlwcher 
U S .  Salinity Laboratory (USDA-ARS, Riverside, CA) - D. Suarez, M. Guzy 
Western Cotton Research Laboratory (USDA-ARS, Phoenix, AZ) - D. Heodrix, D. Akey 
Western Wheat Quality Laboratory (USDA-ARS, Pullman, WA) - C. Moms 
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PHOTOSYNTEESIS AND CONDUCI'ANCE OF SPRING WHEAT LEAVES GROWN IN A FREEAIR 
COz ENRICHED (FACE) ATMOSPHERE AND VARIABLE SOIL MOISTURE 

G.W. Wall, Plant Physiologist; R.L. Garcia, Plant Physiologist'; B.A. Kimball, Supervisory Soil Scientist; 
P.J. Pmter Jr., Research Biologist; and R.L. LaMorte, Civil Engineer 

PROBLEM: Atmospheric carbon dioxide concentration (CJ is predicted to almost double over the next century. An 
increase in C, can reduce s t o d  wnductance (g) (Ball, 1982) which will restrict the transport of C0, and H,C) between 
the atmosphere and substornatal cavity witbin a leaf. Under Cpnrichment, however, any restriction in CO, flux resulting 
from C;enrichment-induced lowering of g is generally offset by the increase in C 4  gradient between the atmosphere 
and substornatal cavity, so that the internal CO, concentmtion (C,) is generally higher, mther than lower for C,-enriched 
leaves. Thesecompensatory factors, therefore, result in an increase, mther than a decrease in net C02 flux into the leaf 

" for C,-enriched compand to C;nmbient plants. In contrast, because the vapor pressuredeficit (gradient for water vapor 
flux between the leaf and atmosphere) is not significantly altered by C,-enrichment, any C,-enrichment induced restriction 
in g, can reduce water vapor flux. Fuithermore, in addition to the impact of C, on transport processes, many - 
enrichment studies have shown that an increase in photosynthesis (A) has been short-lived, so that the initial higher mtes 
for Cpnriched plants declined to their praexposure levels within a few days. This suggest that down-regularion or 
acc[impn'on of the photosynthetic a$pamtus occurred under C,-enrichment. Compurative studies have shown that down- 
regulation varies with species and with other aspects of the environment (Webber et al., 1995). An imperative exist, 
therefore, to elucidate the impact that such a future highCO, world will have an the transport of COz and H,O between 
the atmosphere and leaf and to determine whether any a c c h t i o n  of the photosynthetic apparatus will occur in wheat. 
The objectives of this study were: 1) to characterize and quantify the diurnal and seasonal trends in A and g, and 2) to 
determine whether m l t s  support or conflict with current views on down-regulation of photosynthesis for a field-grown 
wheat crop in C.-enn'ched air and variable soil moisture regimes. 

APPROACA: A field study on a hard red spring wheat (Tnticum aestivum L. cv. Yecom Rojo) crop was conducted in 
an open field at The University of Arizona Maricopa Agricultural Research Center, located 50 km south of Phoenix, 
Arizona (33.1 "N, 112.0 V). Wheat seeds were sown into flat beds at 0.25-m row spacings on December 7-8, 1993 , 
nt a plant populntjon of 180 plants ma (50% emergence occurred on December 28, 1993, and the crop was harvested on 
June 1, 1994). Following sowing, a FACE apparatus (Hendrey, 1993) was erected on site to enrich the C, of ambient 
air, presently at -350 pml  mot' (CONTROL), to a C, of 550 junul mold (FACE) treatment level (main plot). A 
subsurface drip tap irrigation system suppiied a fill irrigation of 100% evaporative demand and a 50% reduction in water 
supply (split-plot) trentments (WET and DRY, respectively). Treatments, therefore, consisted of FACE-'d'ET fJW), 
FACE-DRY (FD), CONTROLWET (ON), and CONTROLDRY (CD). A preplant application of nitrogen along with 
several chemigation applications provided a total of 233 kg W' N. A preplant application of -55 kg ha' P,O, was also 
applied. Leaf gas exchange rates were measured with a portable closed-exchange (transient) system with a 250 cm' 
transparent assimilation chamber on the central portion of five fully expanded (ligule emerged) upper-canopy sunlit leaves 
(three replications) from predawn to dusk on five days: day of year @OY) 41, 69, 81, 95 and 123. These dates 
corresponded to physiological growth stages of 3-leaf, tiilering, stem extension, anthesis, and grain fillig. 

FTNDIh'GS: Significant CO;, effects occurred because A was consistently higher in FACE compared to CONTROL (fig. 
1). Significant irr effects occurred because A was consistently higher in 'd'ET compared to DRY. Diurnal trends in A 
generally followed a consistent onier (FW>FD=CW>CD), but absolute differences amongst treatments varied 
depending on the phenology of the crop. Regardless of leaf type examined (sunlit or shaded), no major alterations in the 
quantity or composition of polypeptides within the photosynthetic apparatus were observed (Nie e& al., 1995). Levels 
of steady&& concentration of mRNA encoding these proteins were also independent of C, level. The diurnal trends in 
A ~polted herein, support the premise that no apparent down-regulation of the photosynthetic apparatus occurred under 
C,-enrichment throughout the Lifespan of either a well-watered or water-stressed field-grown s p ~ g  wheut crop with 
adequate nitrogen. 

Significant irr effects occurred because g, for leaves in the WET were consistently higher than for DRY (fig. 2). 
Simarilariy, significant CO: effects occurred because g was consistently higber in CONTROL compared to FACE. 
Although diumnl trends in g genemlly followed a consistent order (CW >FW=CD>FD), which was the inverse of the 
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oder for A; again, as with A, the absolute differences among the treatments varied depending on the phenology of the 
crop. 

ml'ERI'RETATION: During a greater proportion of the growing season, A was highest in C,-emkhed well-watered 
and lowest in C;ambient water-stressed leaves. The C,-enriched water-stressed and C;ambient well-watered leaves were 
always intermediate in their response, suggesting that the direct effect of future elevated CO, concentration will 
wmpensatc somewhat, if not illy, for water stress in future drier climates, depending, of wurse, on the severity of any 
droughts. One reason a C,-enriched water-stressed leaf maintained comparable A to that of a C,-ambient well-watered 
one is because the steeper COX gradient between C, and C, for a C,-enriched leaf can offset reduction in A because of 
lower g, induced by either high C 4  or water stress. Although, a C,-ambient well-watered leaf had high g, thereby 
ennbling potentidy high C02 flux, the C, to C, gradient was lower for a C;ambient compared to C.-enriched leaf. The 
result was compensatory (CO, equivalent to H,O), so that a C,-enriched environment can ameliorate for lower soil . . 
moisture. 

Thediumal trends in & wen inversely related to A, as were the relative order in their treatment response. In contrast 
to A, the well-wntered C;ambient and water-stressed C;enriched plants established the higher and lower physiological 
Rsponse, respettiveiy, whereas the well watered C,-enriched and water-stressed C;ambient were intermediate in their 
respmses. This suggests that any reduction in & due to C,-enrichment was comparable to that due to water stress. The 
lower level of & for C,-enriched leaves uoder water stress occurred because of an additive effect. That is, water stress 
and higher C, can both independently reduce g,. So combined, they could cause a further reduction in g, , thereby 
estabishiog the lowest treatment response. Similarly, the highest level for g, in weU-watered leaves grown under C;- 
ambient d because of an additive effect (the inverse of the aforementioned one, however). That is, well-watered 
and lower C, both indepetjdeotly increased g , So combined, they would cause a further increase in g ,thereby 
establishing the highest levels in treatment response. 

FUTURE PLANS: A FACE wheat experiment is scheduled for the 1994-95 and 1995-96 growing seasons. The 
experimental design will have similar CO, treatment levels as the previous two FACE wheat experiments, hut the split- 
plot irrigntion treatment will be replaced with nitrogen levels (high and low, respectively). Future research will quantify 
the gas exchange properties of wheat uoder open-field conditions with high C, and adequate and reduced levels of soil 
nitrogen to detectnine whether any down-regulan'on or acclimnrion of the photosynthetic apparatus will occur under 
nitrogen Limited envimnmentai conditions. 

COOPERATORS: Operational support was cootributed by the Carbon Dioxide Research Program of the Office of 
Health and Environmental Research of the Department of Energy and by the P o s h  Institute for Ctimrtle Impact 
Research, Postdam, Germany. We also ackoowledge the helpful cooperation of Roy Rauschkolb and his staff at The 
University of Arizona Maricopa Agriculturni Center. The FACE apparatus was furnished by Brookhaven National 
Laboratory, and we are grnteful to their representatives Keith Lewin, John Nagy, and Gwrge Hendrey for assisting in 
its installation and consulting about its use. This work contributes to the Global Change Terrestrial Ecosystem (GCTE) 
Core Research Programme, which is part of the international Gwspbere-Biosphere Programme (IGBP). 

REFERENCES: 
Ball, CJ., 1982. A model of stornatal control. Photosyntheticn. 16(4): 486495. 

Hendrey, G.R. 1993. FACE: F m A i r  CO, Enrichment for Plant Research in the Field, CRC Press, Boca Raton, FL. 
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1995. Effects of free& C02 enrichment on the development of the photosynthetic apparatus in wheat, as indicated by 
changes in leafproteins. Plant CeU and Environment. 18:855-864. 
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Photosynthesis Research. 39:413-426. 

Annual Report of the U.S. Water Conservation Laboratory



I-- 

DOY 95 

TIME OF DAY (h, MST) 

- 

Figure 1. Diurnal trends in net assimilation rate (A) in fully-expanded sunlit wheat leaves for day of year @OY) given 
during the 1994. Means composed of five leaves for thne replicatiom. Error bars given represent one standard error 
fmm mean. 
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Figure2. Diurnal trends in total stornatal conductance (g,) in M y  expanded sunlit wheat leaves for day of year @OY) 
given during 1994. Means wmposed of five leaves for three replications. Error bars given repwent one standard error 
from mean. 
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EFFECTS O F  FREEAIR COz ENRICaMENT (FACE) 
ON THE ENERGY BALANCE AND EVAPOTR4NSPlRATION O F  WEEAT 

' B.A. Kimball, Soil Scientist; R.L. LaMorte,.Civil Engineer; R. Seay, Agricultural Research Technician; C. O'Brien, 
Research Assistant; P J .  Pinter, Jr., Research Biologist; G.W. Wall, Plant Physiologist, T.J. Brooks, Research 

Technician; D.J. Hunsaker, Agricultural Engineer: and R. Rokey, Biological Technician Plants 

P R O B m  The COz concentration of the atmosphere is increasing and expected to double sometime during the next 
c m r y .  Climate modelers have predided that the increase in CO, will cause the Earth to warm and precipitation patterns 
to be altered. Such increases in CO, and possible c l i m e  change could affect the hydrologic cycle and future water 
resources. One component of the hydrologic cycle that could be affected is evapotranspiration ( E n ,  which could be 
altered beuurse of the d i i t  effects of CO? on stornatal conductance and on plant growth. One important objective of this . . experiment was to evaluate the effects of elevated C 0 2  on the E T  of wheat. 

APPROACEk The evapotranspiration m m e n t s  were one component of the much larger Free-Air CO, Enrichment 
(FACE) project, which sought to determine the effects of elevated CO, on wheat growth, yield, and many physiological 
processes, as well as water use. TWO experiments over the 1992-3 and 19934 growing seasons have been completed. 
In these experiments, four toroidai plenum rings of 25-m diameter constructed from 12' irrigation pipe were placed in 
a wheat field at Maricopa, Arizona, shortly alter planting. The ~ g s  had 2.5-m-high vertical pipes with individual valves 
spaced every 2 m around the periphery. Air enriched with C02 was blown into the rings, and it exited thmugh holes at 
various elevations in the vertical pipes. W i d  direction, wind sped ,  and CO, concentration were measured at the center 
of en& ring. A wmplter c?ntrol system used wind diiection information to turn on only those vertical pipes upwind of 
the plots, so that the C0,auiched air flowed across the plots, no matter which way the wind blew. The system used the 
w i d  speed and C02 concentration information to adjust the CO, flow rates to attain a near-constant 550 ppm by volume 
COZ concentration at the centers of the rings. Four matching CONTROL rings at ambient CO? but with no air flow were 
also installed in the field. 
The determination of the effects of elevated CO, on E T  by traditional chambers is fraught with uncertainty because the 

chamber walls that constrain the CO? also affect the wind flow and the exchange of water vapor. Therefore, a residual 
G g y  balance approach was adopted, whereby ET was calculated as the diierence between net radiation, %, soil surface 
heat flux, Go, and sensible heat flux, H: 

%was measured with duplicate net radiometers, and Go with soil heat flux plates. H was determined by measuring the 
temperaturedifference between the crop surface and the air and dividing the temperature difference by an aerodynnmic 
resistance calculated from a measurement of wind speed. The air temperature was measured with an aspirated 
psychrometer, and the crop surface temperature was measured with duplicate infrared thermometers (IRTs) mounted 
above each plot. The net radiometers and IRTs were switched weekly between the FACE and CONTROL plots. 

FIM)INGS: Figure 2a shows the hourly palterns of weather variables for one mid-season day, March 10, 1994. Foliage 
temperatures were typically about 3°C cooler than air temperatures except from dawnuntil shortly after noon. FACE 
foliage temperatures averaged 1.0 f 0.2 "C warmer than CONTROL temperatures on this day. 

% (fig. la) was the largest component of the energy budget of March 10, 1994, generally much larger in magnitude 
than G, (fig. lb) or H (fig. Ic). Consequently, LET (fig. Id) tended to follow R,. The error bands on % were tight, and 
differences in R, between FACE and CONTROL were small (fig. la). Consequently, effects of FACE on AET also 
generally were small although on this particular day, FACE AETaveraged 17% less than CONTROL JET. 

FACE tended to increase the wheat canopy temperatures by an average 0.6"C from February through April, which 
made the crop slightly less cooler than air temperature most of the time (fig. 2b). 

Daily FACE R, averaged 3% less than CONTROL 4 from February thmugh April for both the 1992-3 and 19934 
experiments (data not shown). Furthermore, the error bounds were tight with little evidence of changes in treatment 
effects when the instnunen& were switched weekly between FACE and CONTROL. Daily totals of G, were very small 
(generally < 1 MJ m-2day"), as expected. Daily FACE H tended to be higher than CONTROL H (fig. Ic), which meant 
it was less negative on some days. This tendency was because the FACE plants were slightly warmer than the 
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CONTROLS most of the time, and both FACE and CONTROL plants generally were cooler than the air except from 
about dawn until shortly after noon (fig. 2a). 

Daily FACE J E T  was less than that of the CONTROL plots most of the days in both experiments (fig. 2c). At the end 
of the seasons in May, the FACE plants maturd earlier, leadi i  tn larger differences in AET. Excluding these May data, 
the regreAon of FACE on CONTROL AET from Febnuvy through April (fig. 2 4  indicates that the FACE treatment 
decreased AET by an average 8%. 

IWERPREXATION: It appears fmm these data that irrigation requirements for wheat may be somewhat lower in the 
future high-C02 world (provided that any global warming is small). 

Also, the obse~valion that FACE caused foliage temperatures to be increased by 0.6"C day and night, al l  season long, 
may be the cause of the accelerated maturity and senescence of the plants in the FACE plots. This also suggests that the 

. . areas for optimum wheat production may shift somewhat due to just thb increasing C02 coocentralion, whether global 
warming occurs or not. 

FUTURE PLANS: Another FACE Wheat experiment wit1 commence on about December 15, 1995, to evaluate the 
response. of wheat to FACE when soil nitmgen is limited (See report on "Progress and Plans for the Free-Air C02 
Enrichment (FACE) Project."). Micrometeorological parameters required to characterize the growing conditions in 
support of modeling efforts ls be measured. Energy balance and AET will be determined in two replicate blocks of the 
four tmhnents (hi& ad low C02 ad high and low N). Io addition, the 1995-6 experiment will feature plots at ambient 
C02 with ad without blowers like those used in the FACE plots for distniution of CO,. Therefore, the effect of these 
blowers on energy balance and canopy temperatures will also be evaluated. 

COOPERATORS: See report on "Progress and Plans for the Free-Air C02 Enrichment (FACE) Project." 
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FACE Wheat 1993-4 DOY 069 10 March 1994 
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Figure 1. Net radiatiwn, %(A), xwiIwil.had flux,% f,), sensible hearm,  Hv),:adi latent heat flux, LET @) io 
CONTROL and FACE plots and their diierence vs. time of day on 10 March 1994. Also, standsrd error, SE, buds 
are indicated. 
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FACE Wheat 1993-4 Weather 
DOY 069 10 March 1994 

-L- 

FACE Fol T 

0 30 60 90 I20 

Day of Year (DOY, 1994) 

Egurc Zb. Daily average foliage temperaturn diiemco 
bcrwsm FACE Qd CONTROL plots versus day of year 

Figure 2a. Air dry bulb and dew point tempemhucs, for 1994. Data am omitted from Jamuvy when the 
foliage tempnanurs from FACE and CONTROL plots, infrared thcrmomctsrn viewed soil and May whcn tbs 
wind, and solar radiation for March 10,1994 crop wlls scnesccnt. 

latent Heat Flux Comperlson 
FACE Wheat 1892-3 and 19934 

Egure2c. Ddy total FACE latcnt beat flux, A E T  for the combined dala sets from Febnuuy 1 through April 30,1993, 
and Feb~ary 10 thmugh May 3,1994. Tbe regnssion excludes Jmuary data whcn the yadiomebrn viewed soil and May 
data when the crop senwced. 
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CO, ENRltXMENT OF TREES 

S.B. Idso, Research Physicist; and B.A. Kimball, Supervisory Soil Scientist 
PROBLEM: The contiinuing rise in the CO, content of EarWs atmosphere is believed by many people to be the most 
significant ecological problem ever faced by humanity because of the widespread assumption that it will lead to 
catastmphic global warning via intensification of the planet's natural greenhouse effect. However, this belief is largely 
due to a lack of knowledge of the many beneficial effects of atmospheric CO: enrichment on Earth's plant life. Hence, 
it is imperative that this other aspect of atmospheric CO, be elucidated so that the public can have access to the fuU 
spedrum of information about the environmental consequences of higher-than-ambient levels of atmospheric CO,. Only 
under such conditions of complete and wide?anging understanding CM the best decisions be made relative to national and 
international energy policies. 

As forests account for two-thirds of global photosynthesis and are thus the primary players in the global biological . cycling of carbon, we have chosen to concentrate on trees within this context. Specifically, we seek to determine the 
direct effecls of atmospheric COX enrichment on all aspects of their growth and development; and we hope to be able to 
determine the ramifications of these direct effects for global carbon sequestering, which may &so he of considerable 
significance to the climatic impact of atmospheric CO, enrichment, as the biological sequestering of carbon is n major 
factor in determining the C02 concentration of the atmosphere and the ultimnte level to which it may rise. 

APPROACH: In July 1987, eight 30cm-tall sour orange tree (Citrus auradurn L.) seedlings were planted directly into 
the ground at Phoenix, Arizona. Four identically-vented, open-top, clear-plastic-wall chambers were then constructed 
around the young trees, which were grouped in pairs. CO, enrichment-to 300 ppm above ambient-was begun in 
November 1987 to two of these chambers and has continued unabated since that time. Except for this differential CO, 
enrichment of the chamber air, all of the trees have been treated identidy, being irrigated at periods deemed appropriate 
for normal growth and fertilized as per standard procedure for young citrus trees. 

Numerous measurements of a mrmbrr of plant p"8me(em hnve been made on the trees, some on an hourly basis, some 
weekly, some monthly, and some muaUy. Results of our W i g s  are summnrized below, along with results of 
measu-ts made on some other plnnIs grown beneath the orange trees and in two temperahlresontroUed greenhouses 
that were subdivided into two CO, treatments. Results of a large literature survey of the subject are also included. 

FINDINGS: . 
(1) Over the course of our long-term sour orange tree study, we have measured the trunk circumference of each tree 

at the mid-point of each month; and from the end of the third year of the study, we have counted the number of oranges 
removed from all trees at the conclusion of each year's harvest. In connection with the last of these harvests, we also 
measured thediameter of every orange removed from each tree, along with the rind thicknesses of 240 randomly selected 
oranges from each of the two CO, treatments. 

From these data we have developed a seven-year history of the growth-promoting effects of atmospheric CO, 
enrichment (see fig. 1). This history indicates that by the end of the second year of the study, the trunk plus branch 
volume of the COpnriched trees was approximately 2.75 times greater than that of the ambient-treatment trees. Since 
that time, this factor has dropped to just under 2.0; hut the decline in the C02 -enrichedlambient-treatment ratio of trunk 
plus branch volume has been nearly perfectly offset by the relative fruit production advantage enjoyed by the C02-enriched 
trees, whichbegan to manifest itself in year 3 of the study. From year 2 through year 5, for example, the total trunk plus 
h m h  plus cumulative h i t  rind volume of the trees exposed to tbe extra CO, was consistently about 2.77 times greater 
than the corresponding volume of the trees exposed to ambient air. 

In years 6 and 7 of the experiment, however, a number of branches of the C0,-enriched trees grew all the way to the 
walls of the enclosures; and many blossoms and young fruit were destroyed by intermittent physical trauma produced by 
the action of wind against the taut plantic, which reduced the fruit production of the CO,-enriched trees from what it would 
have been had their branches not been adversely impacted by this horizontal space restriction. Hence, we will have to 
wait a few more years for this lateral growth obstruction-which is somewhat analogous to what occurs in a developing 
forest when neighboring trees begin to crowd each other-to occur to the same degree in the ambient-air chambers, in 
order to determine the long-term effects of atmospheric CO, enrichment in a spatiallysonfined environment. 

For the present, we find no compelling evidence for any acclimation of the COpnriched trees that might reduce their 
enhanced productivity in an uwbstructed seiting. Indeed, even in the face of the spatial limitation created by the enclosure 
walls, the C0:-enriched trees continue to extend the time interval it would take the ambient-treatment trees to atiain the 
same level of cumulative hiovolume production; while annual productivity data suggest that the growth rates of the trees 
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of both CO, tRshnents (which currently di ier  by a factor of two) are probably within only a couple of years of reaching 
their asymptotic upper limits characteristic of maturity. Hence, we have reason to believe that the CO, -induced growth 
stimulation will be manifest thmughout the entire life span of the trees. 

(2,) At weekly intervals Lhroughou! yeam 4 through 7 of the sour orange t m  study, we measured chlorophyll contents 
of 60 leaves on each of the eight trees with a hand-held chlorophyll mete.r that was specifically calibrated for the trees 
ofour study. At hi-monthly intervals we also measured the areas, dry weights and nitrogen contents of 68 leaves from 
each tree. Expressed on a per-unit-leaf-area basis, and averaged over the four-year period, leaves from the four C0,- 
enrichd trees contained 4.8% less chlorophyll and nitrogen than leaves from the four ambient-treatment trees (see fig. 
2). However, based on an empirical relationship we had previously developed between tmnk cross-sectional area and 
the number of leaves on a tree, along with the results of a previously published study of CO, effects on leaf size, we 
calculate that the total chlomphyll g and nitmgen contained in 4 the leaves of the COX-enriched trees averaged 75% more 

. . than the total chlorophyll &and nitrogen contained in 4 the leaves of the ambient-treatment trees over the four-year 
course of the study. It is interesting to note that this percentage enhancement is identical to the percentage increase in 
atmospheric C02  concentration experienced by the Cq-enriched trees. With only two C 4  treatments, however, we 
cannot say whether this exact correspondence is anything more than coincidence. 

Net photosynthetic rates of individual sour orange tree leaves were measured on a number of summer afternoons 
over the past several years, when air temperatures were extremely warm. In the trees exposed to the extra 300 ppm of 
CO,, the upper-limiting tempernhire-above which net photosynthesis becomes negative-was approximately 7°C higher 
than it was in the ambient-treatment trees (see fig. 3). This ability of the CO, -enriched trees to grow and sequester 
carbon at higher temperatures than can be tolerated under current CO, concentrations led to a 75% enhancement in the 
net photosynthesis of the CO,-enriched trees at a temperature of 31°C. a 100% enhancement at 35°C  and a 200% 
enhancement at 42°C. 

(4) Uniform rooted cuttings of Eureka lemon trees were grown for six months in pots in two glasshouses that were 
programmed to provide moderate (29121°C day maximum I night minimum) or high (42132°C day maximuidnight 
minimum) air tempemlures. Each of the glasshouses was further subdivided to provide two C02 treatments: ambient and 
ambient phu 300 ppm CO,. In the maierate air temperahlre treatment, elevated CO, increased growth by approximately 
21 %; while in the high air t e m p e m  tmihnent, it produced an 87% increase in growth. Under the high air temperature 
regime, the C0,-enriched laves also contained about 15% more chlorophyll than the ambient-treatment leaves. 
Consequently, and as with the sour orange trees, atmospheric CO, enrichment significantly reduced the negative effects 
of high-temperature stress on shoot growth. 

(5) In yet a lhird investigation of the interactive effects of CO, and temperature, we measured total biomass production 
in twelve diierent harvests of three plantings of 424 -1 ' ' plants (a common desert succulent with CAM 
physiology) that we grew in our large CO, enrichment chambers beneath the sour orange trees over a period of four years. 
Once again, the growth stimulation provided by the extra 300 ppm of CO, was found to he greater at higher temperatures, 
ranging from 28% at 19'C to 51 % at 29°C (see fig. 4). 

(6) In preparation for the Third Annual Kuehnast Lecture of the Department of Soil, Water and Climate at the 
University of Minnesota, one of us (S.B. Idso) reviewed over 350 scientific journal articles related to CO, and global 
change. This exercise resulted in the publication of a s d  booklet entitled "C02 and the Biosphere: The Incredible 
Legacy of the Industrial Revolution," which summarizes the results of hundreds of laboratory and field experiments that 
demonstrate that as the air's CO, content and the deposition of anthropogenically-produced nitrogen and other nutrients 
have risen in phase with the industrial development of the past two centuries, so also, as a direct consequence of those 
phennmena, has the vitality of earlfi's biosphere increased, where man has not damaged it directly by overt actions, such 
as deforestation or localized pollution. 

INl'ERPWA'I'ION: The 'LrnpLications of our findings have a direct hexing on the current debate over anlhropogenic 
CO, emissions. They demonstrate that C 4  is an effective aerial fertilizer, enhancing plant growth under nearly all 
conditions. 

FIITURE PLANS: We anticipate continuing the sour orange tree experiment for several more years, focusing on the 
effects of atmospheric CO, enrichment on fruit production. We also plan to study CO, effects on a number of other 
plants. 
COOPERATORS: U.S. Department of Energy, Atmospheric and C I i e  Research Division, Office of Health and 
Environmental Research. 
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Figure 1. Seven-year histories of tnmkphrs branch volume (upper lee), cumulative h i t  rind volume (upper right), trunk 
plus brsnchplus cumvlative fruit rinl volume (lower IeR), a d  the COflnrichedIambient-treatment ratios of the fvet and 
third of these histories (lower right) for our sour orange tree study, which is currehly the longest continuous COz 
enrichment experiment ever to be conducted anywhere in the world. 
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Figure 3. Net photosynthetic rates of ambient and C0,- air's CO, concentration plotted as a function of mean-air 
enriched sour orange tree foliage plotted us functions of temperam. The solid line represents the results of our 
leaf temperature. study, while the dashed h e  represents the mean result 

obtoingifur 16 non-CAM plants by Idso and Idso (&& 
For. Metenrol. 69:153-203). 
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Figure 2. Four years of chlorophyll a measurements of ambient and CO,-enriched sour orange hrt foilage O&), and the 
C0,-enrichedlambient-treatment ratios of leaf chlorophyll a and nitmgen concentrations plotted as functions of ambinet- 
treatment leaf chlorophyll and nitrogen concentrations (right). 
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SEASONAL DYNAMICS OF PAR ABSORPTION AND CONVERSION EFFICIENCY BY SPRING WHEAT: 
EFFECTS OF FREEAIR C02 ENRICHMENT (FACE) AND WATER STRESS 

PJ. Pi ter ,  Jr., Research Biologist; B.A. Kimball, Soil Scientist; R.R. Rokey, Biological Science Technician 
(Plants): G.W. Wall, Plant ~ h ~ s i o l o ~ i s t ;  R.L. M o r t e ,  Civil Engineer; R.L. Garcia, Plant Physiologist; 

and D J .  Hunsaker, Agricultural Eogineer 

PROBUM Expected changes in global climate and ahnospheric carbon dioxide (C03 concentrations have very major, 
yet relatively p r l y  demtood, consequences for the pductivity of important food and fiber crops. The results of these 
changes are difficult to assess in traditional experiments using glasshouses or enclosed chambers because the chambers 
themselves modi& many of the environmental parameters (e.g., light, temperature, etc.) that affect plant growth and 
development. Our quest for more reatistic conditions in which to cotiduct experiments has led us to use a Free Air 

-. Carbon dioxide Enrichment (FACE) approach in our conon and wheat research over the past 6 years. With FACE, 
experimental findimgs become more relevant for production agriculture because plants are exposed to natural 
environmental conditions and function as a complex community, with normal competitive interactions for light, water, 
and nutrients. 
These community-level experiments without intedereoce of light attenuating-chambers also provided an ideal opportunity 

lo test bypotbeses r e g d i g  the effkts of C02  on the capture of photosynthetically active radiation (PAR) by the whole 
plant canopy and its subsequent conversion to biomass. However, special techniques were needed to measure the 
Fractional portion of PAR absorbed by the plant canopy (fAPAR). This is because early in the season when plants were 
less than -0.25 m in height, conventional line q w N m  sensors were too large to use effectively. Likewise, late in the 
season when elevated CO, and water stress accelerated leaf senescence, an approach was required that was unaffected 
by the incncreasing pportiodof nonphotosynthesizing canopy elements and provided a realistic assessment of fAPAR by 
the photosynthetically active component of the canopy. 
This report discusses the use of an innovative, non-invasive technique for measuring fAPAR and presents prehinmy 

dnta on the effects of COz sod water stress on the seasonal dynamics of fAPAR, and tight use efficiency of spring wheat 
during the 1993-94 FACE experiment. 

APPROACH. Spring wheat (Triricum aestivum L. cv Yecora Rojo) was sown in east-west rows spaced 0.25 m apart at 
the Maricopa Agriculhual Center (MAC) in December 1993. Plants were exposed to enriched (FACE, -550 p o l  mol") 
and ambient (Control, -370 pmol moP) C02 levels; treatments were replicated four times. C02 treatment plots were 
split in half to test the effect of diierent irrigation regimes on wheat response to CO,. Inigation of the Wet treatment 
was based on full-season consumptive use requirements of wheat as determined from estimates of potential 
evapotranspiration (PET) obtained from the Arizona Meteorological Station at MAC. PI& in the Dry inigation 
treatment meived only 50% of amounts given to the Wet plots. Irrigation water was delivered to the plants using micro- 
irrigation (drip) tubing that was spaced 0.51 m apart (parallel to plant rows) and buried at 0.18 to 0.25 mdepth. 
Approximately 24 wheat plants were sampled from all replicates of each treatment combination at weekly intervals (22 

sampling periods). Plant phenology was determined according to both the Zadoks and Ham scales of development. 
Above ground biomass (crown, stem, green and nongreen leaf, and head components) was measured after ovendrying 
at 65-70°C. Root biomass was measured from three, 10-m diameter cores obtained from each replicate at six dates 
during the season. Green leaf nnd stem area (GPAI) was measured on a subsample of 12 median-sized plants per subplot 
using an optical plnnimeter. The fractional proportion of the canopy that was green (FG) was defined as GPAI divided 
by the mn&num GPAI achieved to date. Typically, FG was one until antbesis then declined to zero at the end of grain 
filling. The experimental setup and e f f w  of diierent treatments on plant phenology, growth parameters, and fural yield 
are discussed in more detail by Pi ter ,  et d. (1996). 
Canopy reflectance factors were measured one to five times a week using a handheld, Exotech radiometer (Exotech, Inc., 

Gaithemburg, Marylsnb) equipped with 15' fov optics. Meamrements were made at a 57" solar zenith angle. Red (0.61 
to 0.68 y )  and near-infrared (NIR, 0.79 to 0.89 y) reflgtance factom were used to compute the Normdized Diierence 
Vegetation M e x  (NDVI=[(NIR-Red)l(Red+NIR)]. Incident and transmitted light in PAR wavelengths (0.4 to 0.7 p) 
were measured at midday on seven dates during the season using a Ceptometer (Decagon Instruments, Inc., Pullman, 
Washington). Canopy fAPAR was computed using a light balance equation (Piinter, et al., 1994). and absorbed PAR 
(APAR) was determined as the product of fAPAR and incident solar PAR. 
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FINDINGS: Traditional methods for measuring and interpreting fAPAR using the Ceptometer were not possible early 
in the season when wheat was < 0.25 m high. They were also not appropriate to use during the last third of the season 
(after anthesis, - W Y  95) w2Kn it was obvious that not all PAR energy was being used in photosynthetic processes (fig. 
I). To bettrr qnment fAPAR over the entire season, we computed a "biologically effective" fAPAR parameter, as the 
product of measured fAPAR and FG. Effective fAPAR componded very well with our intuitive assessment of the 
canopy and its photosyn!heiic competence as measured by leaf and whole canopy chamber rates of assimilation (data not 
shown). When effective fAPAR was plotted versus NDVl (fig. 2), both pre- and post-anthesis wheat data were described 
adequately by a single relationship having a predictive standard error of rt 0.05 units. Using the NDVI approach to 
predict fAPAR permitted its assessmart on a season-long basis (fig. 3) and revealed that elevated C02 confened a distinct 
fAPAR advantage over controls during seedling and titlering growth stages (fig. 4). Following anthesis however, 
senescence progressed more rapidly in the FACE treatments, and their fAPAR declined compared with controls. 
Althoughdmught stress in the dry irrigation hatment &ced the seasonal APAR totals by an average of 15%. we were . . surprised to find no effect of CO, on end-of-season APAR accumulations (table 1). This was mainly because the FACE 

plants matured more quickly than controls. When LUE was computed for diierent intervals in plant development, it 
revealed intriguing seasonal dynamics of LUE that varied with C02 treatment and stage of growth (fig. 5). Table 1 
contains LUE estimates for tach experimental treatment that have been computed in two dierent  ways. The end-of- 
season LUE was calculated as the final biomass (aboveground and helow-ground components) divided by the total 
accumulated APAR. It showed an dverail stimulation of LUE of about 11 % under weU-watered, nonstressed conditions 
and about 14% under a more limited irrigation regime. The more conventional, regression-based method for estimating 
LUE (Le., the slope of accumulated biomass to accumulated PAR relationship) yielded similar results. 

INTERPRGTATION: Apfdication of multispectral m o t e  swing techniques for quantifyimg biophysical plant processes 
provided data on fAPAR and LUE of wheat throughout the entire growing season. They were particularly useful at the 
beginning and also at the end of the growing season when more traditional approaches (e.g., use of line quantum sensors) 
were either physically or hiologiarlly bppropriate. In a future high COl world, our resulte show that wheat, like cotton 
(Enter et al. 1994). will have an accelerated early-season development of green leaf area. LUE of wheat is expected to 
increase 12% with a 50% rise in C02. The within-season dynamics of wheat LUE helped explain a smaller effect of 
elevated COl on biomass and yields than we observed for cotton (Piinter et al. 1996). 

FUTURE PLANS: Analysis of wheat growth data is continuing. Important questions remain concerning wheat response 
to CO, under conditions of limited nitrogen availabidity. As a result, similar FACE experiments using wheat exposed to 
two levels of soil nitrogen are planned for the 1995-96 and 1996-97 growing seasons. Measurements of fAPAR and LUE 
will he rigorously pursued during these experiments. 

COOPERATORS: A large number of research organizations took an active role in supporting our 1993-94 FACE 
experiment. See "Progress and ptaos for the free-air COl (FACE) enrichment project" (Kimball et al., in the 1994 
USWCL Annual Research Report) for a complete Listing of cooperators. We thank the USWCL technical support staff 
for the agronomic data used in Lhis report. f i e  authors also wish to acknowledge the special contributions of Dm. Frank 
and Gabrielle Wechsung from the Potsdam Institute for Climate Impact Research, Potsdam and Humboft University, 
Berlin, Gennany, respectively, for providing the root data. 
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Figure 5. Dynamic5 of light use efficiency (dMJ PAR) during different stages of development in the dry (5a) and wet (5b) irrigation treatments 
during the 1994 FACE cxpcrimcnl. Percentages above bars refer lo enlianccmcnt of FACE over Control. 

m 

Table 1. Seasonal values of accumulated absorbed photosynthetiwlly active radiation (APAR), and light use efficiency (glMJ) 
computed as end-af-season biomass divided by accumulated PAR and also as the slope of regression between biomass and 
accumulated APAR. 

' CO2 & I&. Accumulalcd APAR (MJ) End of Season LUE (glMJ) Regression based LUE (dMJ) 
Treatment mean se  mean sc meitn se 

Control Dry 666 16.9 
Control Wet 802 7.7 
FACE Dry 667 16.0 
FACE Wet 779 11.3 
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B1[DlREClXONAL AND ATMOSPHERIC CONSIDERATION IN COMPOSITING MULTITEF/IPORAL AND 
MULTIDIRECTIONAL REhlOTE SENSING DATA 

J .  Qi and M. S. M o m ,  Physical Scientists 

P R O B m  With increasing demand for fRquen! observations of the planet Earth from space for global change studies, 
about a dozen orbiting satellites have been operational, and more advanced satellites have been scheduled to launch in 
the near future. Examples am the advanced, very high resolution radiometer ( A m )  on the National Oceanic and 
Atmospheric Administration (NOAA) satellite series and the proposed moderate-resolution imaging spectrometer 
(MODIS) to he on board the Ea& Observing System (EOS) platforms. These sensors have the ability to sense the entire 
earth on a daily basis because of their large field of view (FOV). Daia acquired with these operatinnal satellites are 
usually processed using a compositing technique to remove or reduce the effects of clouds and poor atmospheric 
conditions (Qi et al., 1995). The current cornpositing technique selects the data point, from a predefined window period, 
hat hat the maximum value of the normalized difference vegetation index (NDVI). Because of the dependency of NDVI 
on extend faclon such as atmospheric condition and surface bidirectional properties, two major issues have been raised 
retently: 1) should the NDVI be computed prior to or after the atmospheric correction, and 2) what is the consequence 
of b id i t iona l  effects on the con;posited results? Tbe objective of this study is first to investigate the consequences of 
atmospheric correction and second to incorporate a b id i t i ona l  reflectance distnhtion function (BRDF) model iato the 
current compositing technique to normalize sun and viewing angle influences on the composited remote sensing 
observations. The focus willhe on the development of a compositing technique that will optimize atmospheric correction 
procedures and incorpamt,~ BRDF models for bidirectional correction. 

APPROACE: Multitemporal remote sensing images obtained with the Advanced Very High Resolution Radiometer 
(AVIIRR) were obtained over four different vegetation types (Millet, Tiger bush, Fallow, d Degraded fallow) over the 
Hapex Sahel Experiment sites near Niamey, Niger, in 1992. The maximum value compositing (MVC) technique was 
applied on this data set both before and after atmospheric corrections to examine the consequences of atmospheric 
correction. Tben an empirical BRDF model proposed by Shibayama and Wiegand (1985) was applied to normalize the 
bidirectional effects: 

P(Q (PI - (P 1 - - - I .O+[p,  +fl,sin(-)+flZ(-)]sin B, 
P(0,O) 2 cos 8, 

where p is reflectance, 6 is the sensor's viewing angle, 6s is the sun zenith angle, and ip is the relative azimuth angle 
between the viewing azimuth and solar azimuth. The coefficients p l ,  P2, and P3 are empirical parameten to be 
determined by an inversion procedure. The normalied data were then composited with the MVC technique. The 
resultant composited data of all four vegetation types were then compared to examine the consequences of bidirectional 
corrections. F i y ,  a sensitivity analysis was conducted to examine the advantages and disadvantages of incorporating 
a BRDF model into the current compositing technique. 

FINDINGS: 
1. The bidirectional effect is significant and must be considered in compositing procedures. In figure 1, the raw 

AVHRR data in channels 1 and 2 are depicted as the do& lines for the four vegetation types. The solid l i e s  with 
stars (*) and circles (0) are the reflectances after the MVC compositing technique was applied, whereas the solid 
lines with crosses (+) were the absolute view angles correspondimg to the selected data points. The 
cloudsontaminated pixels could easily be seen because of their exceptionally high values in channels 1 and channel 
2 for all vegetation types in this study. The remaining high frequency variations of the reflectances were due partly 
lo the atmospheric variations in such components as water vapor content, aerosols, and ozone concentrations; and 
partly to the surface b i d i t i o d  effect caused by the differences in view angles and solar position. It is apparent 
that the data would he useless unless clouds are removed and atmospheric and bidirectional effects are reduced. 
The cornposited datn appeared to follow exactly the pattern of the viewing angles. 

Annual Report of the U.S. Water Conservation Laboratory



2. The sequences of atmospheric correction appeared to be less important, but compositing prior to atmospheric 
wrwstion seemed to result in a less noisy temporal profile. The comparison of the composited results before and 
after atmospheric corrections are depicted in figure 2: where the top profdes are the raw data in channels 1 and 
2, w b e m  lines withstar "*" and circle "o" symbols are the wmposited results. Since the absolute values of these 
temporal profiles are not the major concern in this study, the data were plotted with different additive scaling 
factors to separafe them for a better graphic view. The temporal profdes showed no significant difference before 
and after atmospheric corrections. 

3. Incorpcration of a simple BRDF model significantly reduced the noise due to sun and view angle effects. To 
illustrate the improvement in the composited data by using the BRDF model corrections, data sets compcsited 
before and biditional corrections were plotted (different constants were added to have a better graphic view 
for comparison) against each other in figure 3. Variations in both channels 1 and 2 found before bidiit ional 

. . corrections seemed to disappear from the data after bidirectional corrections, indicating that the simple BRDF 
model could be used in the n o d i i o n  of bidirectional effect on AVHRR data. 

4. The sensitivity analysis showed that by incorporating a BRDF model in the MVC compositing, not only the 
bidiitional effects were reduced, but thecomposited NDVI results were more correlated to the vegetation amount 
(table 1) as indicated by the correlation coefficients between NDVI and leaf area index values. 

INTERPRETATION: The propoded inwrporation of both atmospheric and bidiitional correction procedures improved 
the quality of composited AVHRR data. The atmospheric correction and bidiit ional corrections reduced view angle 
effects as well as the atmospheric effect, resulting in smoother temporal profiles for all sites in this study. The 
incorporation of these two correction procedures in compositing also increased the sensitivity of the NDVI to vegetation 
changes. It is consequently,baeficial to perform both atmospheric and bidiit ional corrections prior to the compositing 
process when dealing with multitemporal AVHRR data. The incorporation of bidiuectional correction procedures into 
the MVC technique will improve the data quality for global change and resources management studies. The sequence 
of processing AVHRR data ought to proceed, bared on this study, in the following way: 1) make atmospheric corrections; 
2) make bidiuectional corrections; 3) apply the MVC compositing technique to select the best data points. In case 
bidiitional c o d o n  is not available, apply compositing procedure first, and then perform the atmospheric corrections 
on the wmposited results. This woukl not only mul t  in a smoother temporal profile, but also reduce the computing time 
on atmospheric correction because the atmospheric correction will be applied only to the composited data. Operational 
implementation of bidirectional correction should be feasible, such as using a simple BRDF model in this study. 

FUrURE PLANS: The next step is to incorporate the bidirectional correction and atmospheric correction procedures 
in the current compositing technique. These procedures will be implemented in an operational way to be ready to apply 
on multitemporal remote sensing images obtained with diierent satetlite sensing systems. 

COOPERATORS: Y. Kerr, CESBIO, CNES, France; and E. Vermonte, GSFC, NASA. 

REFERENCES 
Qi 1. and Kerr Y. 1995. On current compositing algorithms, Remote Sensing Reviews (in press). 
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Table 1. Correlation coafficients (CC)of reflectaoces and NDVI with noise and leaf area index (LAI) for ail 

Figure 1. Temporal profiles of reflcctances before atmospheric corrections and their cornposited results for the four 
selected sites. The noise dotted lines are the raw profiles while the solid lines with stayn*" are. near-infrared and those 
with circles m red reflectanm. The solid lines with crosses "+" are the view angles, and the dotted lines with circlea 
ate the NDVI profiles. These variables were scaled to dierent levels for a bctter display. 
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Figure 2. Comparison betw,een cornposited results before aod after atmospheric corrections. The solid lines with stars 
"9" are tht prnfiles after ahmospheric corrections (the upper one is NIR and the lower one in mi), whereas those with 
circles "0" am the profiles before the atmospheric comctions. 

Figure 3. Comparison between cornposited nsults before. aod after bidi t ional  correctjons. The solid lines with stars 
"*" am the profiles after atmospheric corrections (the upper one is NIR and the lower one is nd), whereas those with 
circles "o" are the profiles before the atmospheric corrections. 
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COUPLING REMOTELY SENSED DATA TO A MESOSCALE ATMOSPHERIC MODEL 

JJ .  Toth, Meteorologist; and M.S. Moran, Physical Scientist 

PROBLEM: Remotely sensed data canba used to estimate surface sensible and latent heat fluxes over an entire region. 
Within the Basin and Range Province of southern Arizona, the potential benefits of accurate estimates include not only 
improved local crop diagnostics, but also a better determination of feedback effects on the regional climate. Many 
existing flux-estimate techniques make approximations that are questionable in an area of complex topography and sparse 
vegetation. For example, sparse vegetation can he addressed by assuming that the atmosphere is borizontnlly 
homogeneous. While such an assumption may be reasonable for small (e.g., 20 kd) a m ,  it certainly cannot be 
extended to cover both mountain range and basin. 

APPROACH: To estimnte heat fluxes over a large, heterngeneous region, we are coupling the Regional Atmospheric 
Modeling System (RAMS) model with remotely-sensed surface parameters. The two pammeters primarily used were 
(1) the effective surface temperature and @)the NDVI vegetation index. The fimt of these, effective surface temperature, 
was explicitly pdicted in the model as a weighted average of the model vegetation temperature and the model bare soil 
temperature. The second, NDVI, did not have an exact counterpart in the model, but was used as an indicator of 
fractional vegetation coverage. kecognizing that NDVI may be influenced by other vegetation characteristics, the 
vegetation<overage estimates were treatgi as containing a certain d e w  of error. The fractional coverages were adjusted 
by amounts no more than 0.20 above or below the original estimates. The purpose of the adjustments was to produce 
model surface temperatures in agreement with the Landsat satellite observations. As an initial test of this approach, the 
model was run for a two-fliensional vertical cross-section extending across the San Pedro basin. The d&ls of one 
model mn are shown The specified surface elevation and fractional vegetation coverage are at the top of figure 1. Only 
the I-km horizontal grid spacing is shown. Near the center of the basin a riparian area, less than 1 km wide, was resolved 
with an inner, nested grid. On the 1-km grid, the soil moisture was increased for the two points nearest the river. The 
model was initialized with a radiosonde sounding taken near the time of the satellite overpass. The wind below mountain- 
top was initialized calm, and the model fields evolved for a fuU 24 h before comparison with the satellite data. All 
temperatures were converted to potential temperature (i.e., adjusted to sea-level wing a dry-adiabatic lapse rate). 

FINDLNGS: By 10:30 MST (the time of the satellite overpass) the mountains, serving as elevated heat sources, caused 
the model to generate moderate (5 mls) surface winds along the mountain slopes. Surface winds near the center of the 
basin remained nearly calm. The surface air temperature was higbest over the mountains, consistent with constant heating 
of air parcels as they moved from the basin to the mountains. Except for evaporation near the river, nearly all of the 
model laten! heat flux was due to transpiration. Over the basin, the total flux of latent heat was very small (30110 Wlm?, 
except for higher amounts at the river. Along the mountain slopes, the combi t ion  of moderate winds, 70% vegetation 
cover, and correspondigly higher leaf area caused the latent heat flux to exceed 300 Wlm2. At the mountain top, where 
the wind again became nearly cahn, the latent heat flux was reduced to 150 Wlm2. The sensible heat flux followed a 
pattern roughly opposite that of lelent beat. The exception was a trend townrd higher sensible beat moving from the center 
of the bnsim toward the mountains. Tbere was a coreqondig trend toward lower bare soil temperatures (figure 2). Both 
of these trrnds are associaled with inneased wLd speeds which caused a shift in the surface energy budget from soil heat 
flux to sensible beat flux. The vegetation temperature (not shown) was consistently 2-3 degrees warmer than the air 
temperature, except for the slope regions with high transpiration, where the vegetation cooled to approximately the same 
as or even slightly cooler than the air temperature. The vegetation was naturally much cooler than the dry bare soil, and 
so the warmest effective temperatures were generated over the basin away from the river. These temperatures were 
slightly cooler than hut within 2 K of the satellite-observed surface potential temperatures. The river temperatures on the 
inner grid (not shown) were also in good agreement with the satellite data. The mountain temperatures, ranging from 
321 to 326 K, were roughly 2degrees warmer than the range of satellite temperatures. 

The vegetation coverage over the mountah was initially estimated at 60%. Because the effective temperatures were 
too high, the coverage was increased to 80%. This yielded effective surface temperatures in excellent agreement with 
the satellite data. But it also gemrated latent heat fluxes in excess of 400 Wlm2. The radiosonde data, which sensed the 
upper branch of the mountain circulation, returning from mountain-top, indicated that the 70% as well as the 80% 
vegetation coverage produced too much moisture flux from the mountains. 

Annual Report of the U.S. Water Conservation Laboratory



Ih'TERPRETATION: The two-dimensional results were somewhat unrealistic due to the unnatural constraints of the 
boundary conditions. However, these simulations highlighted the importance of horizontal inhomogeneities in the 
atmosphere. For example, if the winds ad temperalures across the basin were assumed to be constant, then the sensible 
heat flux would be estimated as positively correlated with the surface skin temperamre. The model results indicated just 
the owsi te  comation across the lower basin. The model transpiration appeared to be overly sensitive to the combined 
effects of wind ad leaf am; that is, transpiration was too low over the basin and too high over the mountains. The leaf 
am was set, based on previous studies, at approximately seven times the fractional coverage of vegetation. This value 
may require downward adjustment over the mountains. The mountain winds may also he too high. Full, three- 
dimensional simulations will be required to resolve this uncertainty. 

WI'URl? PLANS: Full, threttdimensianal model simulations with accurate boundary conditions will be required. The 

. . boundary conditions can be obtained from large-scale operational model analyses generated by the National Wenther 
Service. But these operational analyses use heavily smoothed topogmphy. In order to resolve the effects of individual 
mountain ranges, model simulations with 4 - h  and 1 - h  grid spacings will be needed over limited domains. The model 
grids should be referenced to U M  coordiites so that the model output can he incorporated into a GfS analysis system. 

There are several parameters that influence the model surface temperalure (vegetation coverage, leaf area index, soil 
type, surface and deep soil moisture). Consideration should be given to iumping these together into a single adjustable 
parameter that could be related to MVI and perhaps other remotely-sensed data. The dimadvantage of this approach is 
that it becomes difficult to relate this single adjustable parameter to measurable quantities. 
Fdy, to be r d y  valuable the flux estimates necd to he made routinely. The link between operational analyses and 

smaUacaleddail cannot always depend 0n.a 3-D atmospheric model. A solution might be to mn model simulations for 
certain climatologically favored patterns. The results from these detailed simulations could be retrieved and used 
repeatedly on a routine basis. 

COOPERATORS: D.C. Goodrich, ARS Southwest Watershed Research Center, Tucson, AZ; R. Avissar, Rutgenr 
University, New Bmnswick. NJ; A.F. Rshman, Univ. of Arizona, Dept. of Hydrology and Water Resources, Tucson, 
AZ; Electric Power Research Institute, Palo Alto, CA 
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Figure 1. Model cnqput h a  noss-sstion across the San Pedro Win. The tick marh along the horizontal axis are the 
mcdel grid points. Plotted quantities are labeled. The topography and vegetation were specified, other quantities were 
forecast. The air potential temperature and horizontal wind are for the first medel level above the gmuod. A positive 
wind is blowing toward the right. 
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Figure 2. Same as Figure 1,  but for the patentid temperatures of (1) tho bare soil  and'^ the bare soil aod vegetation 
combined. 
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COMBINING TEE PENMAN-MONTZITH EQUATION WITE LANDSAT TM 
DATA TO MAP REGIONAL EVAPORATION RATES 

M S .  M o m ,  Physical Scientist 

PROBLEM: Current interest in the prediction of drought, forest fires, and regional changes in c l i m e  hns resulted in 
a related interest in making maps of vegetation health. It is commonly accepted that vegetation health is directly related 
to plant transpiration rates, where plant transpiration rate generally decreases with lack of water, insect infestation, 
disease, or extreme weather conditions. The P e w - M o n t e i t h  equation is useful for computing evaporation rates of 
uniform surfaces, such as evapodon fmm bare soil or transpiration from dense vegetation. This equation becomes less 
useful for evaluation of evapotranspiration (ET) rates at the regional scde, where surfaces are generally characterized 
by a patchy cnmbiition of vegetation and soil. This is particularly true in the arid and semiarid regions of the world. .. 
APPROACH: The approach proposed here was an attempt to use remotely-sensed measurements of surface reflectance 
and temperahlnr to d o w  application of the PemmmMonteith theory to p&utially vegetated fields without a prior knowledge 
of the percent vegetation cover and canopy resistance ( M o m  et al., 1995). Basically, the Penman-Monteith equation 
was combimed with the energy balance equation to estimate the surface temperature Q associated with four states: 
surfaces characterized by full-cover vegetation and hare soil with evaporation rates at potential (ETJ and zero ( M o m  
et al., 1994). Then, linear interpolations between T;T, values computed for full-cover and hare soil conditions were used 
to produce a vegetation indexltempernture 0 trapezoid (figure 1). A soiladjusted vegetation index (SAVI) was 
complted fmm a ratio of red and NIR reflectances and linearly correlated with vegetation cover, where SAVI=O.O was 
associated with bare soil tonditions and SAVI=O.7 was associated with full-cover vegetation. An index (termed the 
Water Deficit Mex: WDI) was comprted, where WDI = ETETp based on the ratio of AClAB in figure 1. Thus, plant 
health could be rated from good (WDI=O) to poor (WDI= I) based on measurements of T,-T, and SAW for each 
resolution cell. 
The appmnch was first tested using ground-based measurements of surface reflectme and temperature at a mgelsod 

site. Then, the approach was tested based on a set of four Landsat Thematic Mapper (TM) images acquired in southeast 
Arizona during 1992. M8pl of surface BiT temperature and wind s p e d  were combined with maps of surface temperature 
and spectral vegetation index to produce regional estimates of evaporation rates for the grassland biome. At the local 
scde, mcdeled evaporation rates were compared with ground-based measurements at one site; at the regional scale, the 
mcdeled evaporation rates for the entire grassland biome were validated with knowledge of recent rainfail events and on- 
site metwrological conditions. 

FINDINGS: For a grassland site in the USDA-ARS Walnut Gulch Experimental Watershed (WGEW) in southeastern 
Arizona, we complted the VlT t r a p i d  and determined the WDI based on ground-based measurements of T, and SAVI 
on each date. With a computation of potential EI;, for enchdate, we were able to retrieve instantaneous actual ET (W 
m? from the WDI and wmpnre @st with the values of ET measured on-site (Kustas et al., 1994). The "mode1ed"values 
based on the VIT t r a p i d  compared weU with the measured values (RMSE = 29 W over a range of ET values from 
200450 W m-3 (figure 2). However, there was a trend for the modeled ET to overestimate the measured values in most 
cases (Mean Absolute Diierence (MAD) = 45 W ni2). 

In o& to complte WDI on a regional basis, maps of T,, wind speed (U), vapor pressure deficit (VPD), and incoming 
solar mdiktion were derived from measurements made at 13 mebmrologicd sites within a 100x100-km area in southeastern 
Arizona. These maps of metwrological conditions were combined with four associated Landsat TM images of surface 
reflectanca and temperahlre for a large grassland biome within the TM image. The rainfall and soil moisture conditions 
associated with the four dates are as follows: 

Dav-of-Year 1992 LaLRgin 
162 10 June 30 May, 0.5 mm 32 mm 2 % 
178 26 June 30 May, 0.5 mm 2 m m  2 % 
274 30 Sept. 20 Sept., 0.7 mm 7 mm (Rain in Aug: 117mmf 3 % 
306 2 Nov. 28 Oct., 11 mm 14 mm N A 

The WDI was w@ for each pixel within the subset of the Londsnt TM scenes covering the grassland hiome. The 
VIT t m p i d s  errcompassed the majority of the data on each date (figure 3). It is notable that data scatter on day-of-year 
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(WY) 178 (thedriest date) did not approach the theoretical "cool" edge of the trapezoid. On the other three dates, the 
scaUer touched and sometimes exceeded the cool edge. On DOY 162 (the wettest date), the highest density of p o h  was 
located in the middle of the trapezoid, unlike the other days where the highest density of points was located close to the 
'warm edge." There was a tcodency f o r t h  TM data to exceed the coniines of the warm edge of the VlT trapezoid (e.g., 
W Y s  178,274 and 306). It a p e d  that either the VIT trapezoid method tended to underestimate the temperature of 
the warm edge, or the surface temperature data from the Landsat TM images were overestimated. 

INTERPRETATION: It is possible that errors in the computation of the warm edge (figure 3) could be due to errors 
in the calculation of net radiation (RJ, soil heat flux (G) or aerodynamic resistance (rJ However, since the method 
worked well at the local scale (figure 2), it appears that these inputs were reasonable. Another source of error could be 
the calibration and atmospheric correction of the remotely-sensed data, causing an overestimation of the surface 

.. temperature. In fact, Washbume (1994) found that the satellite temperatures computed from these 1992 images were 
consistently warmer (by up to 3°C) than aircraft and ground-based meapurements. For the conditions at WGEW, an error 
of 1 "C in surface temperahlre wuld result in an error of 50 W m4 in the estimation of ET. Thus, this 3°C overestimation 
of surface temperature would account for the majority of the pixels for which El' was underestimated. 

Based on analysis at the 1 0 4  and regional scale, it appears that this approach is reasonable and has some potential for 
mappkg evaporation rates of heterogeneous landscapes. Assuming that the vegetation type is known (using a hiome map 
or  other information), the inputs required were only: 

1. spatiallydistniuted meteorological measurements of T,, U, %, G, and VPD, 
2. remotely sensed measurements of T, and SAW, and 
3. estimates of surface roughness (zJ and displacement (dJ heights. 

FUTURE PLANS: The sources of error for application of this approach at the regional scale are numerous and need 
to be analyzed for impact on the results. A sensitivity analysis will he performed to investigate the effects of topography 
on surface reflectance and temperature measurements, the error associated with applying an atmospheric correction 
wmplted at one altitude to an image composed of multiple altitudes, and the sensitivity of the procedure to differences 
in surface emissivity. The error associated with variations in emissivity could be reduced by estimatiiog the surface 
emissivity from measurements of surface reflectance, as suggested by Van de  Griend and Owe (1993). 

One idea that deserves further consideration is the use of data from a large hare soil site within the image as a baseline 
fmm which to understand the saltergrams of the other biomes. This approach would be applicable only to certain scenes 
hut may hold some promise to minimize the meteorological measurements required by the technique. 

REFERENCES: 
Moran, M.S., T.R. Clarke, Y. Inoue and A. Vidal. 1994. Estimating crop water deficit using the relation between 
surface-air temperature and spectral vegetation index, Rem. 49246-263. 

Moran, M.S., A.F. Rahman, J.C. Washbume, D.C. Goodrich, M.A. Weltz and W.P. Kustas. 199.5. C o m h i i g  the 
Penman-Monteith equation with measurements of surface temperature and reflectance to estimate evaporation rates of 
semiarid grassland. Aerie. ( i i  press). 

Kustas, W.P., J.H. Blanford, D.I. Stannard, C.S.T. Daughtry, W.D. Nichols andM.A. Weltz. 1994. Local energy 
flux estimates for unstable conditions using variance data in semiarid rangelands, Water Res. Research 30:1351-1361. 

Washbume, J.C. 1994. A distributed surface temperature and energy balance model of semi-arid watershed, Eh;a 
-, Univ. of Ariz., Dept. of Hyd. and Water Res., 412 p. 

Vande Grieod, A.A. and M. Owe. 1993. On the relationship between thermal emissivity and the n o m a k e d  difference 
vegetation index for natural surfaces, int. 1 4 1  114:1131. 

COOPERATORS: A. Faizur Rahman, Univ. of Ariz., Dept. of Soil and Water Science, Tucson, AZ, Jim Washbume, 
Univ. of Ariz., Dept. of Hydrology and Water Resources, Tucson, AZ, Dave Goci!ich, Mark Weltz, USDA-ARS 
Southwest Watershed Research Center, Tucson, AZ; Bill Kustas, USDA-ARS Hydrology Laboratory, Bettsville, MD. 
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Well-watered Vegetation 

Ts-Ta (C) 

Figure 1. The trapuoidal shape of the Vegetation IndexRemprnture relation derived from the Penman-Montcith 
equation. The Water Deficit Index (WDI) is equal to the ratio of AClAB and ranges from 0 for a well-water cmp to 1 
for a crop under extreme water stress. 

. 
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Figure 2. Comparison of instnntnneous actual evapotranspiration (W m-') derived from the WDI model with 
measurements of evapotnutspiration measured on-site. Numbers above symbols represent the dny-of-year 1992. Note 
thnt the t e r n  ET arc used interchangeably with the terms LE, where the former are in'iits of mm hi1 or m a  dnY-', 
nnd the latter arc expressed in energy units (W m.' or MI m-' day-' ). 
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DOY 162 DOY 178 

DOY 274 
I I 

DOY 306 

Figure 3. Sut t tnpm of fl,-TJ by SAW fmm b four Landsat TM scenes for the grassland biome. The VIT trapezoid 
was caoplted for each overpans date based on the average T, and U values derived fmm the in&eplatal T, and U maps 
and values of VPD, R,, and G measured on-site. 

- - . . - - . -A. 
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AIRBORNE IMAGERY PRODUCTS FOR FARM MANAGEMENT 

T.R. Clarke, Physical Scientist; MS.  M o m ,  Physical Scientisl; J. Qi, Physical Scientist; 
T.A Mitchell, Engineering Technician; P.J. Fmter, Jr., Research Biologist; 

and E.M. Barnes, Agricultural Engineer 

PROBLEM: Airborne imagery of farms has long held the potential of improving management practices simply by 
offering a new perspective from which to view the land. Until very recently, the only advancement from standard 
panchromatic or color aerial photography has been the use of color infrared film, with its increased sensitivity to 
vegetation. While this imagery has beat useful to fann managers, the expense of procuring the images has not often been 
justified by the results: that is, the cost has exceeded the benefits. . . 
APPROACB. The data collected during the Multispectral Airborne Demonstration over the Maricopa Agricultural 
Center (MADMAC) in 1994 provided the means to test algorithms developed to increase the vdue of muitispeftral 
imagery to the end user. The three products selected for immediate testing were a growth rate image (AVI), which 
mapped the change in reflectance-based spectral vegetation index On) over time; a water deficiency index (WDI) which 
maps relative evapotranspiration us'ing the Wthermnl trapezoid (Mom et al., 1994). and a crop stress index (CSI), an 
adaptation of the WDI (hat can detect abnormally wam plant canopies; a condition often caused by insufficient soil 
moisture. 

FINDINGS: While analygis of the imagery from the fourteen MADMAC overnights is only partially complete, early 
results have been very encouraging. Gmwth rate images clearly show cotton fields with diiering growth rates, and 
within-field variations were also apparent. Fann managers could use this information during the growing season to 
compare and adjust management strategies. The WDI evspotranspiratinn images showed areal diierences in water use, 
demowtrating the algorithm's potential for improving irrigation scheduling models. The CSI showed areas with water 
stress before the effects were visible to the eye. 

INTERPRETATION: Some difficulty has been encountered in geographic registration of the images, which has slowed 
production of finished images. This problem is particularly acute in the relative growth rate maps, where images from 
successive overnights must he mapped accurately before comparison. While this problem ultimately must be resolved 
through the development of better platfom hardware, manml registration of the MADMAC data set is continuing. 

The VlT Trapezoid vertices calculated using air temperatures and humidities from the Local A7343 station appear to 
uodemtimate the tempemtnm seen in the thermal imagery. Resolving the problem is necessary to improve the relisbity 
of such imagery. 

FWURE PLANS: As more of the MADMAC imagery is made r d y  for finnl aonlysis, we hope to expnnd cooperation 
with other researchefs who were conducting experiments at MAC during the 1994 season, includimg cotton variety tests, 
insect and weed studies, and fertilization timing. We also will be working to improve our contacts with growers, 
extension personnel, aKi potential service providers to give us a better understanding of their needs and to give them an 
idea of possible benefits remote sensing can provide. 

COOPERATORS: Christopher Neaie, Utah State University; Roy Rauschkolb, Robert Roth, Pat Murphree, and MacD 
Hartman of The University of Arizona Maricopa Agricultural Center; Scott Miller, ARS Tucson; and Charles Sanchez, 
The University of Arizona Cooperative Extension. 

REFERENCES: 
M o m ,  M.S., T.R. Clarke, Y. Innue, and A. Vidal. 1994. Estimating crop water deficit using the relation between 
surface minus air temperature and spectral vegetation index. Remote Sensing of Environ. 49:246-263. 
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COMBINING MULTI-FREQUENCY MICROWAVE 
kW OPTICAL DATA FOR FARM hlAh'ACEhlENT 

M.S. M o m ,  J. Qi, T.R. Clarke, Physical Scientists; 
PJ .Pi ter ,  Ir., Reseucb Biologist; and T.A. Mitchell, Engineering Technician 

PROBLEM: For more than twenty-five years, scientists have been using spectral images acquired by sensors aboard 
airplanes and orbiting satellites to monitor crop and soil conditions. This work has focused on the relation between 
surFace reflectance and temperature (termed optical data) and such parameters as crop biomass production, crop vigor, 
and soil moisture. However, this work has been limited by the problems associated with measuring surface reflectance 
and temperature, such as cloudy weather, effects of varying solar illumination, and atmospheric interference. Recently, 

. . several new satellites have been launched which messure the backscatter of rnicronvrve energy from crops and soils. Data 
acquired in the microwave spgmun have the adv~ntages of cloud and atmosphere penetration, and daylnight acquisitions. 
These characteristics make microwave data appealing for agricultural applications: however, tittle is known about the 
interchangability of optical and microwave data for monitoring such parameters as crop biomass and soil moisture. 

APPROACB: The potential for !he combined use of microwave and optical dnta for farm management was explored 
based on images acquired in the visible, near-infrared, and thermal spectnun and the synthetic apedure radar (SAR) 
wavelengths of the Ku (-13 GHz) and C (-5 GHz) bands. The images were obtained during June 1994 and covered an 
agricultural site composed of large fields of partial-cover cotton, near-full-cover alfalfa, and bare soil fields of varying 
roughness. The work was conducted in two stages. F i s t ,  the 'mges  were analyzed to determine statistical relations 
between the SAR backscajter and measurements of surface reflectance and temperature (Moran et al., 1995~). 

Next, an SAR backscatter model was used to determine the physical relation bemeen SAR backscatter and such 
agricultural parameters as green leaf area index (GLAI) and soil moisture &) ( M o m  et al., 1995b). The general water- 
cloud model (Attema and Ulaby, 1978) represents the power backscattered by the whole canopy a" as the sum of the 
contribution of the vegetation 0," and that of the underlying soil a;: 

where 

and 8 is a given incidence angle and V is G W .  5' is the two-way attenuation through the canopy, expressed as 

The coefficients D and C can be determined based on a linear regression of oo with h, measured for a bare soil field over 
a drying period. Values for A, B, and E (and C, if necessary) can be determined by h i n g  D and m i h i z i n g  the sum 
of squares of the differences between modeled and measured a" based on eqs. (1)-(4). When values of A-E are known, 
it is possible to estimate values of GLAI and h, based on multi-frequency measurements of 0". 

FINDINGS: Fid i igs  showed that the SAR Ku backscatter coefficient (03 was sensitive to soil roughness and 
insensitive to soil moisture conditions when vegetation was present. When soil roughness conditions were relatively 
similar (e.g., for cotton fields of similar row direction and for all alfalfa fields), a: was sensitive to the fraction of the 
surface covered by vegetation.. Under these conditions, the 0; and the optical normalized diierence vegetation index 
(NDVI) were generally correlated (Figure 1). The SAR C backscatter coefficient (04 was found to be aensitive to soil 
moisture conditions for cotton fields with GWU less than 1.0 and alfalfa fields with GLAI nearly 2.0. For both l o w - G W  
cotton and high-GW alfalfa, a; was significantly correlated with measurements of surface temperature (TJ (figure 2). 
Based on the findiigs of correlations between a: and NDVl and between a: and T,, the following multi-frequency SAR 
approach was suggested for farm management applications. 

The water cloud model (eq. 1) was used to compute the backscatter of low- and high-frequency SAR data (Ku and C 
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frequencies) for dierent mixed crop and soil conditions. The result was a mesh graph of Ku and C bacbcatter (0: and 
Q, whose Caaesian coordinates could be used to determine G W  and h,. The simulated mesb graph was superimposed 
over the scattergram of measured values of a; and @ for all field borders during the June campaign (figure 3). The 
location of the measurements within the mesb graph were reasonable; tbat is, according to the ocular surveys, 

1. the wet fields were generally to right and dry fields to the left; 
2. fields with greater vegetation cover were located toward the top of the graph; and 
3. the G W  and h, values associated with oz and 0: were generally within the range of values measured on-site. 
A quantitative validation of the modeled results was conducted using modeled and measured h, values witbin selected 

borders of Ulrre fields. Tbe location of field measurements witbin the resultant mesh graph allowed us to estimate the soil 
moisture for each alfalfa and cotton field within the image. Based on comparison with ground-based measurements in 
partially-vegetated cotton and variablacover alfalfa fields, the modeled estimates of h, differed from measurements by 
0.01 to 0.1 1 cm'/cm3 (figure 4). .. . 
INTERPRETATION: Considering that the model d i m t i o n  was accomplished with a very limited data set, these results 
are encouraging. Limitations to this approach include the sensitivity of o; and 02: to soil roughness conditions and the 
apparent saturation of 0; and 0; with increasing G W .  

FUTURE PLANS: In p v i o u s  w&k, we bnve derived both statistical and physical relations hdweeo measurements of 
SAR bacbcatter (in Ku-and C-band frequencies) and measurements of surface reflectance and temperature. These 
relations showed the potential of using SAR data interchangeably with optical data for crop and soil monitoring and fnnn 
management applications. There remain, however, some questions that will be answered with the overflights scheduled 
for Mission 7: 

1. Is the Ku-band SAd bacbcatter signal independent of soil moisture conditions? 
2. Do the results obtained at the 55degree incidence angle hold for a variety of incidence angles? 
3. Could multi-incidence SAR data in a single frequency (Ku-band) be used instead of multi-frequency SAR data at 

a single incidence angle in this application? 
We propose to answer questions 1 and 2 by amrnging for a variety of soil moisture and surface roughness conditions 

nt MAC with simultaneous acquisitions of Ku- and C-band SAR images in Janunry 1996. An attempt will be made to 
pmiuce fallow fields of simila~ soil roughness aod varying soil moisture conditions. Regarding question 3), we will make 
measurements of soil moisture conditions and vegetation biomass and green leaf area index (GLAI) in ntfnlfa and wheat 
fields during the overpass. These data will be used to test the soil moisture and G W  estimates made with the 
SAIUmodeIing appmach for dierent incidence angles. It will also allow the first application of the approach to a w h a t  
canopy. 

COOPERATORS: 
Alain Vidal, Denis Trouflenu, CEMAGREF-ENGREF Remote Sensing Laboratory, MontpeUier, France; 
Yoshio Inoue, NIAES Laboratory of Agro-Biological Measurements, Tsukuba, Japan; 
Bob Huelskamp, AMPS manager, Sandia National Laboratories, Albuquerque, New Mexico. 

REFERENCES: 
Attema, E. and F. Ulaby. 1978. Vegetation modeled as a water cloud, &&&& 13357-364. 

Moran, M.S., A. Vidal, D. Tmufleau, J. Qi, T.R. Clarke, P.J. Tinter, T. Mitchell, Y. Inoue, and C. Neale. 1995a. 
C o m b i i g  multi-frequency microwave and optical data for farm management, Rem. (m review). 

Moran, M.S., A. Vidal, D. Tmuflenu, Y. Inoue and T. Mitchell. 1'39%. Modeling multi-frequency microwave data 
for fnnn management in Arizona, Gwsci. and Rem. Seas, (in review). 
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Figure 3. Mesh graph of a: and o", for cotton with EW row orientation at MAC during the June overnights. Tbe 
numbers represent field identifications and are used in Lieu of solid markers for the locations of the 0: and o", 
measurements for border within each numbered field. The solid lines define modeled backscatter for values of G W  
(listed on the right) and soil moisture (listed on top), derived from the calibrated water cloud model. 
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Figure 4. Comparison of modeled and measured soil moisture (12) values within selecikd borders of three fields: field 
17 (alfalfa), field 11 (cotton with EW rows), and field 38 (cotton with NS rows). 
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GEOMETRIC RECfEFICATiON OF MULTITEMPORAL. MULTISPECTRAL VIDEO IMAGERY 

T.A. MitcheU, Engineering Technician; 
J. Qi, T.R. Clqke, and M.S. M o m ,  Physical Scientists 

PROBLEM Images acquired with a ibrne  video cnmeras can he very useful for farm manngement. Crop information, 
including water stress, can be extracted from multitemporal and multispectral images. The accuracy of information 
extracted from these images depends on the optical and geometric p l i t y  of the images. Airborne vidwgraphic images 
are characterized by distortions that occur because of unique camera optics and the attributes of the airborne platform. 
The interlading of two video "fields" to produce each video frame results in a fractional, horizontal line shift of odd and 
even fines within the frame that blurs featum edges (fig. 1). The multi-camera system results in a miaregishntion of bands 
that varies thughout the flight because of varying &I& elevntion, niotion, and shudder. Thus, traditional methods 
for registering multitemporal images (developed for satellite-based systems) are not satisfactory for application to airborne 
video imagery. In this shady, new techniques were developed to register multitemporal and multispectral vidw images 
more precisely (Mitchell et al., 1995). 

APPROACB: A total of foulteen sets of multispectral images were acquired over The University of Arizona Maricopa 
Agricultural Center (MAC) in M ~ c o p a ,  Arizona, during the Multispectral Airborne Demonstralion at the Maricopa 
Agriculultural Center (MADMAC) experiment in 1994. These images were recorded using a multispectral airborne vidw 
system and were digitized post-flight. Images collected for this experiment were recorded at 550 nm (green), 650 nm 
(red), 850 nm (nem infnwed), and 8-12 p (thermd) wavelengths with four separate cameras. 

Aukmated analysis software was developed for line-by-line analysis of each vidw frame to determine the fractional, 
horizontal line shift. This was accomplished by making comparisons between the slope of fealura edges for even lines 
and the relative line shift of add I k  fromlhin slope (fig. 2). Analysis of the statistical mean and stsadanl deviation for 
these net shifts were used to identify any shift anomalies, which were discarded from the calculation of the shift for that 
tine. This was repeated for all sets of odd and even lines in the image, nnd using the same statistid mean and standard 
deviation calculations for the itxliiidual lines, outlying shifts were discarded and replaced with interpolated values. This 
algorithm provided an automated menns for correcting continuously-changing, fractional line shiits thnt appear in 
videographic imagery. 

Because separate cameras were used for each wavelength, geometric band registration was required. Bnnd-to-bnnd 
misregistration, w e d  by small changes inaircraR motion, is commonly accomplished using automated image correlation 
techniques, where the alignment is determined by the location of the highest image correlation. This worked well for the 
&/green hand registration at MAC beuurpe the images were positively correlated for all targets. However, the NKR band 
was both positively and negatively correlated with the red or green band, depedmg upon the feature. When an attempt 
was made to correlate the N I R  with the green or red images, the positive and negative correlations for the dierent 
feahlres begin to add desttuctively, causing an ermnwns shift. This problem was resolved by treating both images with 
a high pass filter to identify changes related to feature boundaries and then taking the absolute value of this cbange, 
thereby providing only positive comlations between bands. 

FINDINGS: In images of the MAC fam, tbe interline shiftimg was quite apparent when inspected at the pixel level (fig. 
1). Comparison of this shift with the 2-m resolution of the video imagery revealed nn overlap of 50% between the odd 
and even lines, corresponding to the average vertical line shift in the image (fig. 2). This indicated that 25% of the data 
was sampled twice, and another 25% wap not sampled at all. Horizontal line shiftiing, forming zig-zag patterns at feature 
boundaries, was more noticeable than vertical line shiftimg, and therefore more attention was given to its correction. By 
mnking use of feahva edges fouod in the images of geometric landscapes such as farmiand, analysis of the horizontal and 
vertical shift of the aircrnft was determined by comparing the slope lines and shifts. Calculation of the statistical mean 
of these s lope -ad jus t e&hom thsmelwion~uclierualoes,~ontnIbuted~n-Wer assessment of 
fractional shift values that more accurately represent the interline horizontal shifts in the video frames. 

Andysis of the MAC images revealed that the interline shift varied sporadically within a single fmme, mnking constant 
shift corrections insufficient (fig. 3). Proper rectification involved individunl corrections to he mnde on a line-by-lime 
basis. Further analysis revealed thnt the average shift was typically less than a single pixel, and in the w e  of highly 
geometric W c n p e s  such as farmlnnd, fractional shifts of less than one pixel were quite noticeable at field borders. By 
correcting for these fractional shifts with linear interpolation resampling, pixel values were extracted that more closely 
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represeated the true gmuod region (fig. 4). Inspedion of feature boundsries revealed the improved he-to-line registration 
accomplished by this borizontaf shift correction (fig. 5). 

A typical frame was found to contain several dierent fe&ures like fields of loose bare soil, packed dirt roads, water 
bodies, and vegetation (fig. 6), which can all correlate diierently between bands (fig. 7). Registration of the MAC 
images using standard image correlation worked well behueen the red and green bands but proved unreliable for the NIR 
registration. The reason for difficulty with the NIR images was found to be the existence of both positive and negative 
correlations in the feature scenes. Inspection of the band profiles for these regions revealed that the red nnd green bands 
were positively correlated with one another for all feahues, while this was not true for the NIR band (fig. 7). As the shifts 
between the NIR band and the others were calculated, the positive and negative correlations for the diierent features 
added destructively, causing error in e s t idmg  the true shift. 

To molve thin, a special high pass filter was derived for a 7x7 pixel kernel. The overall kernel dimensions and high- 
pass filter weigMing iimction were determined empirically to work well with the vidw imagery of MAC. This filter gave 
extremely effective results for the green and red image registration, but it produced the same failure as before with the 
NIR band. This was again due to (he exktence of positive and negative correlations, whicb were not removed during high 
pass filtering. Inspection of the atered band profiles revealed that the same correlation relationships among the threa 
bands were even more pronounced thao for the original data (fig. 8). 

The f d  solution to this problem was found to exist in the detection of feature boundaries that could be represented 
by positive increases regardless o'f the direction of change in the image. Taking the absolute value of this chaoge 
enhaoced each bouadary as a positive increase and thereby provided for only positive correlations between b a d .  Visual 
inspection of known ground points in the MAC images revealed that the application of this algorithm resulted in 
exceptional band registrations for all baods, including the MR. The success of this absolute-value, high-pass filter can 
be attniuted to its generation of strictly positive correlations at feature boundaries (fig. 9). 

By tracking the statistical mean and s tandad  deviation of the band registration shifts, the accuracy and speed of this 
sobare were gRatly increased over multiple frames. Use of this algorithm on the MAC images resulted in a failure rate 
less than 2% and a registration time less than 15 minntes per 80 sets of individual three-band images on a S icon Graphics 
Indy workstation. 

INTERPRETATION: Interline s M k g  in &om video frames was alleviated in gwmelrically-featured imagery using 
slope and shift correlations. Fractional shift8 were detected on a line-by-line basis, and using statistical analysis, an 
accurate correction for this interline shifting was accomplished. Correlation methods of det&g horizontal and 
vertical alignment between b a d  can o h  fail because of the existence of both positive and negative correlations, which 
add destructively and hide the tme band shiits. While bigh-pass filtering did not alleviate this problem, an absolute-value, 
high-pass filter produced only positive correlations and succeeded in proper band registration. Applications of interline 
shift and band registration comtions allowed for a p a l e r  accuracy in gwmetric rectification, thereby producing greater 
confidence in multitemporal analysis of multispectral vidwgraphic imagery. 

FUTURE PLANS: Future plans are focused on the retrieval of pertinent crop and soil infommtion from the corrected, 
muitiispearal MADMAC images. We are currently working on assimilation of MADMAC remotely-sensed images into 
a pbysically-based simulation model to provide accurate, daily soil and crop information. This work will be directly 
related to irrigation scheduling at MAC. 

COOPERATORS: C.M.U. Neale, Dept. of Biol. and Inig. Engineering, Utah State University, Logan, UT, R.A. 
Scbowengerdt, Elec. and Comp. Eng. Dept., Univ. of A r k ,  Tucson. 

REFERENCES: 
Mitchell, T.A., J. Qi, T.R. Clarke, M.S. M o m ,  C.M. Neale and R. Scbowengerdt. 1995. Gwmetric rectification of 

- .  multi-temporal multi-band v k l w g r a p h i o i m s g e r ) . ~  -1-r Pbntng and VidmgA&% 
Ammnmt, Tene Haute, Ind., 1-3 May, p. 100-105. 
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Figure 1 .  Image of MAC with line shift problems at feature edges. 
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Figure 4. htegervs. fractional line shifting. 

Annual Report of the U.S. Water Conservation Laboratory



Figure :edges before 

bare soil road water vegetation 
Figure 6. Typical features of MAC images. 
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NORMALIZATION OF BIDIRECTIONAL EFFECTS IN VIDEWRAPEUC IMAGERY 

J. Qi a& M. S. Moran, Physical Scientists; 
P. J. Pmter Jr., Research Biologist; and T.R. Clarke, Physical Scientist 

PROBLEM: Because of its low cost and flexible data acquisition schedule, vidwgraphic imagery has become a practical 
meam to acquire remote sensing data from which to infer crop information for precision farm management. One of the 
generic problems in using vidwgraphic imagery for operational farm management is the nonuniformity in brightness 
across the imagery due to bidirectional effect. During the imagery acquisition processes, the sun's position and the 
sensor's viewing angles vary not only across an individual frame, but also from frame-to-frame. Some areas of the 
resultant images appear darker or brighter than others, dependig on the position of the sun and the sensor's viewing 
angles. The differences in brightness due to bidirectional effect can be as high as 40% and, therefore, videographic 
imagery must undergo a pre-process pmcedure to correct the bidirectionai effect prior to quantitative analysis. The 
objective of this study is to develop a practical procedure to normalize the bidirectional effect so that consistent 
vidwgmphic imagery can be obtained for operational farm management. 

APPROACH: Several bidirectiod reflectance distribution function (BRDF) models have been developed in the past 
decade to predict the consequences of changing sun and viewing angles on observed reflectances (Strahler, 1994; and 
Cabot et al., 1994). These models potentially can be used to normalize the bidirectional effects (Qi et al., 1995). The 
empirical model proposed by Shibayam and Wiegand (1985) was wed in thin study: 

where p is reflectance, 0 is the sensor's viewing angle, 0s  is the sun zenith angle, and cp is the relative azimuth angle 
between the viewing azimuth and solar azimuth. The coefficients $1, P2, and $3 are empirical parameters to be 
determined by an inversion procedure. The practical nordzation procedure is outlined in figure I. Several consecutive 
frames with 60% overlaps were obtained in such a way that a common feature on ground appenrs in all frames hut at 
varying locations. Data at these locations were then extracted and used in an inversion procedure to obtain a set of 
coefficients (Pl, $2, P3) used in the BRDF model. These generated coefficients are then used in the model to generate 
nomuJiration coefficientn, which are then applied to all fnunes to n o d e  the b id i t i ona l  effect. As a demonstration, 
individual image frames of a bare soil field at the Maricopa Agricultural Center near Phoenix, Arizona, were used. A 
transect was selected to cross different surface types to study quantitatively the b id i t i ona l  effect. 

FINDINGS: Prior to b id i t i ona l  correction, the brightness of vidwgraphic imagery varied as much as 24% in this 
study because of the difference in the sun's position and sensor's viewing angles (figure 2). When the sun is in the 
backscattering direction (the sun is in the same direction as the sensing system), the resultant brightness is higher than 
that when the sun is in the forward direction (the sun is in the opposite direction of the sensing system) for both red and 
near-infrared channels. When the n o d i i o n  procedure was applied, the differences in brightness in both channels 
were greatly d u c e d  as demonstrated in figure 3. The top curves are the brightness values from three different frames 
over a single field. The upper curves in figure 3a are near-infrared, and the lower ones are red channel values. The 
curves in figure 3b are the same transect values but afier the normalization procedure was applied. The values fmm the 
three individual frames were normalized to the same level. The bidirectional correction procedure normalized the 
radiometric discontinuities due to sun and viewing angle diierences among individual vidwgraphic images. 

INTERPRETATION: The proposed procedure to normaIize the bidirectional effect improved the quality of 
videographic imagery and therefore increased the value of its applications for resources w g e m e n t .  The procedure will 
permit the use of multitemporaf vidwgraphic imagery in a consistent mnnner. M e r  n o d i t i o n  of bidirectional effect, 
videographic imagery can be used in a quantitative way, and images acquired under dierent  time and sensor gwmetric 
configurations can thus be compared directly. This is very beneficial to remote sensing users such as farmers for 
quantitative and reliable assessment of their crop conditions. It should he pointed out, however, that the normalization 
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procedure requires that multi-frames be obtained in order to yield a reliable set of normalization coefficients. Because 
the normalization coefficients have to be generated for virtualiy every pixel, substantial computing time is needed. This 
limitation can be overcome with availability of faster computers. 

FWURE PLANS: The next step is to implement this p d u r e  and make it operationally routine for bidirectional effect 
corrections. The procedure will be implemented on both personal computers and workstations. 

COOPERATORS: C. U. M. Neale, S. Sundamraman, and R. Ahmed, Department of Biological and Irrigation 
Engineering, Utah State University, Logan, Utah. 

REFERENCES 
Cabot F., J. Qi, M. S. Moran, and G. Dedieu. 1994. Test of surfice bidirectional reflectance models with surface 

" measurements Results and consequences for the use of remotely sensed data, Proc. 6th International Symposium on 
Physical Measurements and Signatures in Remote Sensing, Val d'Isere, France. January 17-24, 1994. 

Qi, J . ,  M. S. M o m ,  F. Cabot, and G. Dedieu. 1995. Normalization of sunlview angles effects using spectral 
albedo-based vegetation indices, Remote Sens. Environ., 52: 207-217. 

Shiiayama, M. and C. L. Wiegand, 1985, View azimuth and zenith, and solar angle effects on wheat canopy reflectance, 
Remote Sens. Environ. 18: 91-103. 

Strahler A. 1994. M e a s u w  and mudelirig the bidiirectional reflectance of plant canopies, 6th Jntemational Symposium 
on Physical Measurements and SignaNres in Remote Sensing, Val d'bere, France. January 17 - 24, 1994. 
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Figure 1. ~dhematic view of the procadurea for bidiitional effect corrections on videographic imagev. 
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Forward N a d i r  B a c k s c a t L e r  

Figure 3. Comparison between results of  before a d  nRer n o m a l i t i o n  procedure npplications. 
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IDENTIFICATION OF NEW METEODS TO APPLY REMOTE 
SENSING FOR FARM MANAGEMENT 

E.M. Barnes, Agricultural Engineer; T.R. Clarke and M.S. M o m ,  
Physical Scientists; and P.J. Pinter. Jr., Research Biologist 

ILEM: Researchers have demonstrated several wavs in which remotely sensed data can he use d to characterize 
mtp conditions; however, operational application of this technology at the level of production agriculture is still limited. 
Factors that have conmbuted to this limited adoption include the availability and cost of the data and the lack of necessary 
tmls to interpret the data for decision making purposes (Jackson, 19&1; M o m ,  1994). The objective of this project is 
to idartify methods to expend the products available from remotely sensed data in order to maximize their utility and cost 
effectiveness for farm management applications. .. 
APPROACH. The problem facing agricularal producers and service providers are being identified to determine areas 
where m o t e  sensing techniques can be applied to pmvide sohtions. This is being accomplished through interaction with 
Cooperative ~ x t e 2 o n  pe&met,  coukcts with agriculhlral consultants, and informat interviews with producers. 
Additionally, methods that use remote sensing data to enhance other Farm management technologies are being explored. 

FINDINGS: While this project is in its initial stages, two areas currently show potential to develop a synergistic 
relntionship with m o l e  sensing to assist hum managers and consultants. The fvst is related to crop growth simulation 
models. These models have been developed to predict crop growth in reaponse to factors such as meteorological 
conditions, water stress, and available soil nutrients. Systems have been developed to use these models to identify 
management practices that optimize the use of water and farm chemicals for agricultural production (Jones and Ritchie, 
1990; Hoogenboom and Boote, 1992). However, the application of these models has been Limited by the complicated 
calihrationprocemtres that must be conducted before they can he applied accurately with a new variety or under different 
site conditions. Development of automated procedures to process remotely sensed data for comparison with the crop 
model's predictions will increase the ease and accuracy with which these models can he applied. 

The second area identified is site-specific agriculture, which uses a global positioning system (GPS) to link agricultural 
equipment with a geographic information system (GIs). The GIs is a spatial data base containing information such as 
soil type, cmp type, and fettilhr requirements @lackmore, 1994). The inf'ormation in the GIs can then be wed to vary 
application nrtes according to the specific needs of a particular location in the field. A Limitation to this fanning system 
is the vast amount of data needed to maintain the GIs. Remote sensing has the potential to supply and supplement many 
of these data needs. Site-specific fanning naturally complements remote sensing, as the tools (GIs and GPS) needed to 
utilize aircraft- or satellite-based imagery are already in place. 

JNTERPRETATION: The synergistic combination of remote sensing with other technologies promises to increase the 
ndoption nrte of new, more efficient farm management practices. By extending the products that can he derived from 
remotely sensed data, the economic return from this data to the agriculturai producer can be increased. 

IWlXIRE PLANS: Effarts to interact with the agricultural community to identify and develop remotely sensed products 
will continue. A prototype system to integrate remotely sensed data with a cotton growth simulntion model will begin 
in the near future. Defdtion of specific remote sensing products that will serve sitespecific agriculture is also planned 
in the coming months. As these areas are developed, methods to comhime all three technologies (remote sensing, crop 
models, and site-specific agriculture) will be considered. 

REFERENCES: 
Blackmore, S. 1994. Precision farming, an introduction. Outlook on Agriculture 23(4): 275-280. 
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GUAYULE LATEX EXTRACTION AND GERMPLASM IMPROVEh5NT 

F.S. Nakayama, Research Chemist: T.A. Coffelt, D.A. Dierig, 
and A.E.Thompson (Collaborator), Research Geneticists 

PROBLEM: Much &&?rest has been generated since it was reported thnt latex from the semi-arid adapted guayule plant 
was bypoatlergenic, unlike Hevea latex which can cause mild to severe allergy reactions. Unformnately, sufficient 
quantities of latex for latex testing and mnking medical products are not presently available. Reliable information is 
lacking on the best method for extracting latex from shrubs and its preservation after extraction. S i a r l y ,  no data are 
avaiiable on the yield potential ofthe various guayule lines, which were selected and developed for optimiziig solid mhber 
and not latex mbber. Our research efforts, started in 1994, continue to be (1) the development of guayuie latex mbher 
extraction methods for o$mking its qunlity and quantity (produce sufficieni quantities of latex for testing and fabrication), .. and (2) the improvement of guayule l i e s  for t n m h k i i g  latex yields. 

APPROACX Laten Extraction:ratory procedures, with potential for scaling up the process, that include chemical 
and physical variables, will be used to detennioe the emactnbility of latex from the shrub. Shrubs will be cut into smaller 
pieces so they can he handled by labaratoly blendere. Water-based latex extracting solution will consist of an antioxidant 
and b i e r  or mmplexer for ths pheriolic resins. Microbiological inhiiiton will be used as needed. The macerated plant 
material and extractant will he filtered and then stabilized by ammonification. The raw latex then will be concentrated 
with a cream separator system and followed with further concentration with the creaming procedure. During this testing 
stage, the latex obtained will be made available to the various researchers neediig the raw latex. In addition, the raw 
latex will he prified. prhyi ly  to remove the resin materials that are closely associated with the ~ b h e r  polymer. Various 
npproaches can be laken for this objective (fig. l), and the one thnt is simplest and most economical will be selected for 
the large scale production of latex. 

Because of limited facilitates during the laboratory renovation, specific cooperative agreements will be made with the 
universities for developing latex a d y s i s  techniques and for shrub analysis for latex and bulk mbber and resin contents. 
Latex extractability of existing guayule l i e s  will be determined from which the appropriate selections and yield 
enhnncement breedimg procedures can he followed. 
v: Field tests were conducted at the Mariwpa Agricultural Center (MAC) and Marann Experimental 

Station to determine the genotype interactive effects with planting method (transplanting vs. direct seediig), stem sue, 
and field storage time aRer harvest. Planting method evaluations were conducted on new plantinga made in 1995, while 
the stem size and field storage tests were conducted on established plants. Lines developed from tissue culture were field 
transplanted at MAC to try to reduce within l i e  variability. 

FINDING: Latex: Adequate quantities of latex material were produced to supply our cooperators working 
with the biological, physical and chemical properties of the latex. One cooperator was able to develop a laboratory 
m&od for determining Latex in s d  amounts of plant materials. The procedure is being used for evaluating latex yield 
potentials of the various l i e s  of guayule. For latex extraction, we found that storage of shrub for one week under 
refrigeration prevented the loss of latex. In addition, refrigeration of the raw extracted latex before centrifuge separation 
helped in the extraction procedure. The cream separator could remove about 50% of the latex present in the raw, freshly 
ground and filtered preparation, which had a latex concentration between 0.5 and 1%. The latex concentration varied 
Fmm 15 to 20%. Cream washing (fig. 1) increased the latex concentration to 40%. The higher concentration is needed 
by industry for their latex product preporation. Creaming helped to decrease the resin content of the latex to about 13%. 
The Mooney values ofthe coagulated latex were approximately 65% of Hevea latex, but we do not know at present how 
this difference will affect the final latex product. 

-: Both direct s d i g  and transplanting could be used for establishing all the germplasm lines under 
study. The plant size for the spring planting was larger for the transplanted than the direct-seeded stands, hut they were 
equal in s u e  by fall. L i e s  varied significantly in growth me .  Results from stem s u e  studies on two improved lines 
(016-1 and G7-11) showed that most (76%) of their latex was in stems 2-10 mm in diameter. G7-11 had significantly 
higher fresh and dry weights fhan 016-1, whereas 016-1 had a significantly higher percentage of latex. Thus, the total 
Latex yield of the two lines was equal. Results from field storage tests showed significant losses in latex occur within 24 
hours after harvest. 
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INTERPRETATION: Latex: Latex extraction efficiency could be improved by further modification in the 
solvent composition and better separation equipment. Coagulation of put  of the latex in the separator disks could possibly 
be prevenfed by use of s tah i i r s ,  which would not affect pnuess*hg further down the fabrication process. Resin removal 
also has not been optimized, and additional work needs to be done to improve latex quality. 
-: Gueyule cnn be established either by direct seediig or transplanting seedligs. Direct seediig 

is much cheaper than traolsplanting. Some factors affecting successful stand establishment by direct seedig were seed 
quality (96 germination), p!mting dqxh, soil and ak temperatures at and following planting, and irrigation method. Direct 
seediig can be used with furrow irrigation, but stand establishment is easier with sprinkler irrigation. Young, direct- 
seeded st& are extmnely susceptible to damage by heavy rains. The optimal conditions for success in direct seediig 
ate warm temperatures during and after spring or fall planting, use of sprinkler irrigation, and no rainfall during the 
establishment period. The fiodmg that the higher concentration of latex resides in the smaller stems allows us to he more 

. . flexible on harvesting methods. For example, hedging and poUardiig of plants, instead of whole-plant harvest, are 
possible. Both methods allow for plant regrowth without need for replanting and permit an earlier harvest for the 
foUowing cycle. The f i o d i  lhat latex is rapidly lost following harvest means that more work needs to he done on post- 
harvest technology to maintain maximnm latex. More work needs to he done on reducing the within line variability. 
Reducing this variability could significantly increase latex yield and lead to an improved possibility of guayufe 
commercialization. 

FUTURE PLANS: I.&s Continue to explore the extraction process to increase the efficiency of latex removal and 
controlling resin content. This involves further work on extraction solution composition. Plant preparation pmcedure 
could he simplified and possibly involve.stabilizers and antidegmbnts to help in the actual latex separation process. 
Because the extraction of e x  is a wslefbased process, we will twk at various recycling schemes for water conservation. 
Develop in-house capabilities for measuring resin content and composition, and for determining the physical properties 
of the latex. 
Guffwle: Continue to evaluate direct seeding and transplanting for stand establishment, harvesting 

techniques, and to reduce withi  line variability. These studies involve close cooperative work with scientists at the 
various locations involved in guayule culture. Continue to develop new l i e s  of guayuie with a higher latex yield, 
primarily through a combination of higher Iatex concentration and biomass. 

COOPERATOR: K. Comish, USDA-ARS-PWA, Albany, CA; W. Coates, J. Hofhna4, and D. Stumpf, Office of Arid 
Land Studies, University of Arizona; D.T. Ray, Plant Science Dept, University of Arizona, Tucson, AZ, W.W. 
Schloman, Jr., Department of Polymer Science, University of Akron, Akmn, OH; M. Foster, Texas A&M University, 
Ft. Stockton, TX; R. Backhaus, Arizona State University, Tempe, AZ. 
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Figure 1. Various schemes for purifyig guayule Iatcx. 
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seed. Seed oil wntent ranged between 17.5 to 28.7%. Seed oil wmposition is still being evaluated. P r e h i m u y  seed coat 
gum contents have ranged between 9.2 to 14.7%. 

The recurrent poplation for high oil wntent ranged between 14 to 37%. The range from the previous year was between 
18 to 32%. The poplation mean (500 samples) was 26.5%. Over the past three years, we have incnased seed oil content 
with this b d i g  strategy from22 to 26%. The poplation for high lesquerolic acid content ranged from 45.9 to 64.2%. 
The poplation mean was 54.5%. Lmquerolic acid yields ranged between 11 to 20%. The mean of this population was 
15.3%. All populations had an increase in the trait being selected compared to the previous year. Samples from an 
unselected check population are also being analyzed to compare with this population. Plants containing seed with only 
yellow seed coats were identified in the field. Seed oil contents of these plants were not statistically different from the 
orange-brown seeded plants. Autofertile plants were also identified in the greenhouse. Putative hybrids between L. 
fmdleri x L. lindhimeri and L. fendleri x L. gracillic. were produced. 

Lh'TERPRETA'lTON: A major role of the USWCL research e f i t t  is to provide leadership in new germplasm collection, 
evaluation, genetic enhancement, and development of improved varieties or hybrids. This aspect of our program is being 
achieved. Full scale commerciaIization efforts are now underway involving other USDA agencies, universities, and 
private industries. 

Fewer accessions than the two previous years were collected. Many of the historical locations where these species have 
been found in the past were no long& available. The list of species on the verge of becoming endangered is increasing, 
nrd those species in the esstem U.S. are following similar trends. This fact makes this work even more impoNtnt since 
soon many of these species could become extinct. The gemplasm collections help preserve this diversity. 

An adequate mpresentntion of the native eastern U.S. poplations bas been completed in this year's collection. Through 
the pant 3 years of wUection, we have added 10 species not previously present in the Germplasm Resources Information 
Network (GRIN) and 87 neb, populations of L. fendleri. This greatly improves the amount of diversity from which we 
can draw in our breediig program. It nlso will be important for the future development of potential markets for other 
Lesquerella species containing other types of hydroxy fatty acids. 

The achievement of increasing oil content through recurrent selection is encouraging. The range of oil content for L. 
fendleri collected in the wild is not as high whnt bas been achieved in the recurrent population. This demonstrates that 
the actual genetic potential is much greater than w h a ~  is represented in the initial screening of the populations fmm the 
wild. 

Continued research on water use efficiency and timing of wakr application is clearly needed along with other agronomic 
research involving fertilization, dates of planting, and harvesting. The additional support from the "Advanced Materials 
frum Renewable Resources Program," DOD, through USDA-CSRS-OAM, will facilitate this by providing funding for 
our univenity cooperators. The infusion of AARC funding into our program will greatly help tbe germplasm evaluntion 
program. 

FWURJ3 PLANS: Germplasm collections in 1996 are planned for Utnb, Wyoming, and Colorado. A recollection in 
Oklahoma is also planned for additional accessions of L. aurinrlarn. More than half of the fendleri collections, along with 
a limited number of other species, have been evaluated and seed increased. The remainder will be completed in 1996 
at this location. 

The next generation of the recurrent selection for improved oil and fatty acid content has been planted. Seed will be 
harvested and analyzed at this laboratory in June 1996. Seed and oil characteristics of yellow seed coat lines will be 
studied this season along with continued development of autofertile lines. We plan to hire a postdoctoral research 
associate to develop molecular markers for breeding. 

COOPERATOR% R. L. Roth, Univ. Arizona, Tucson, AZ; J.H. Brown, J.D. Arquette, and R. Kleiman, International 
HornTechwlogies, Gilbert, A72 M. P O W  and L. Semyk, Mycogen Plant Sciences, San Diego, CA; E. H. Erickson, 
USDA, ARS, Carl Hayden Bee Research Laboratory. Tucson, AZ, T.Abbott and B. Phillips, USDA, ARS, NCAUR, 
Peoria, IL. 
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CULTURAL MANAGEMENT OF LESQUERELLA: WATER AND STRESS MANAGEMENT 

D.J. Hunsaker, Agricultural Engineer; W.L. Alexander, Agronomist; 
D.A. Dierig, Research Geneticist; and F.S. Nakayama, Research Chemist 

PROBLEM: Efficient manngement of irrigation water to achieve optimum yield is essential to the commercialiiion 
of Lesquerelh fendkri, a plant native to the southwestern U.S. that contains high amounts of a unique oil for making 
lubricants, resins, wares, nylons, plastics, cosmetics, and other products. Prior studies have indicated a seasonal water 
requirement of about 600 mm for lesquerella in central Arirona. However, scheduling irrigation time and amount for 
the crop has not been established. 

A computer-based irrigation schedulig information system (AZSCHED) is presently used in Arizona to schedule 

.. irrigation for traditional crops such as wheat and cotton. The irrigation schkduling software is menudriven and relatively 
easy to use. However, one of the primary elements of AZSCHED is a crop coefficient curve that relates the crop's 
evapotranspiration (FTJ throughout its growing season to a meteorological-based, grass-reference evapotranspiration 
(ET,). Thus, before AZSCHED can be used for schedulig lwquerella, a specific crop coefficient curve must be 
developed. The first objective was to derive a crop coefficient curve for lesquerella. The second objective was to 
incorporats the curve with AZSCHED and evaluate the effectiveness of the irrigation scheduling program for leaquerella. 
The third objective was to dcterm&e the effects of allowable soil water depletion from 40 to 60% on the seed yield and 
oil content of lesquerella. 

APPROACH: AZSCHED uses a soil water balance to predict the time and water application amount for irrigations 
during the season. A usqr establishes an allowable soil water depletion level at which irrigations will be given and 
provides an estimate for the system irrigation efficiency. The program estimates crop water use during the season from 
a crop coefficient curve that expresses the ratio of daily El; to daily FT, [kJ as a fuoction of accumulated heat units, also 
called growingdegrewlays (GDDs). Local meteorological data is used to calculate ET,. 

Irrigation studies were conducted by the USWCL during the 1991-92, 1992-93, and 1993-94, seasons to obtain data 
on IesquereUa crop coefficients during the seasons. The data were used to derive a lesquerella crop coefficient curve. 

During the 1994-95, lesquerella season, the curve was used in the AZSCHED program to schedule irrigations. The 
experiment was conducted The University of Arizona Maricopa Agricultural Center (MAC). Lesquerelln fendleri was 
planted on the flat in 18 11- by 15-m plots on September 30, 1994. The seeding rate was 6.7 kg seed per ha. 
Immediately aRer planting, 50 mm of water was applied to the plots for seed germination. Each of the plots was d o m l y  
assigned to one of three soil water depletion level treatments, with six replications per treatment. Flood irrigation was 
applied to the plofs when the AZSCHED program predicted the soil water depletion of the active mot zone had reached 
the targeted level. The targeted depletion levels of the treatments were 40, 50, and 60%. The estintated irrigation 
efficiency was assumed at 95% for all treatments. After crop establishment, seven, five, and four irrigations were given 
to the 40,50, and 60% depletion treatments, respectively, n?preseating a total water application of 505,480, and 460 mm, 
respectively. Rainfall during the season totaled 149 mm, most of which o c c u d  during October 1994, through early 
Janwy 1995. AU plots were given two applications of nitrogen fer t i f i r  (in mid-February and in mid-April 1995) at a 
rate of 56 and 67 kg-N per ha for the first and second applications, respectively. 

During the season, soil water were meamred with neutron scattering equipment and time domain reflectometry 
in the plots, before and afler irrigations. On June 9, 1995, 22.5 mZ of area was harvested by a combine in each plot. 
The harvested seed was then cleaned and weighed. The oil content of the seed is currently being analyzed. 

FlNDINGS: Figure 1 shows the crop coefficient curve that was derived for lesquerella from measured data obtained 
during studies in 1991 through 1994. 

Figure. 2 shows the soil water depletion of the root zone calculated by AZSCHED during the 1994-95 study between 
January 1 through May 29, -1995 @OY .1 through DOY 149), for each of the three soil water depletion levels. From 
March thmugh early May, irrigation applications were given every 7 to 11, 13 to 17, and 16 to 24 days for the 40,50, 
and 60% depletion levels, respectively. Soil water wntents measured during the study are currently being analyzed. That 
datn will be used to assess the cornlation between the measured and predicted soil water depletion and crop water use 
during the season. 
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The 50 and 60% depletion treatments received 96 and 94% of the total water applied given to the 40% depletion 
treatment, respectively (table 1). All treatments, however, received a total water application above the estimated 
lesquerella s e a s o d  water requirement of 600 mm. 

Analysis of the seed yield data indicated that mean yield for the 50% depletion treatment was significantly higher than 
that for them% depletion treatment at the 0.10 level of probability (table 1). However, the difference in yield between 
the 40 and 60% depletion level treatments was not significant. 

INTEXPRETATION: Using AZSCHED with the derived crop coefficient could be a useful method for determining 
the *ired irrigation application amounts for lesquerella. However, additional analysis is needed to evalunte how well 
the AZSCHED soil water balance tracked the measured soil water conditions and crop water use d u ~ g  the 1994-95 
season. For the soil water holding characteristics at the MAC study site, scheduling irrigations with AZSCHED at 50% 
soil water depletion (every 13 to 17 days) produced the highst seed yield. That result was consistent with paststudies .. . (1991-1994), which, collectively, indicated that the highest seed yields were obtained with irrigations ahout once every 
two weeks between late February through May. Yields have generally been depressed when irrigations were given at 
intervals of three weeks or longer during mid-season. 

FUTURE STUDIES: Another study is planned for next year during the 1996-97 season to further assess lesquerella 
irrigation scheduling with AZSC&D. 

COOPERATORS: J. Nelson, Agronomist. The University of Arizona Maricopa Agricultural Center. 
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Table 1. Total water applied and seed yield for treatments in 1994-95. 

I Includes irrigation and seasonal rainfall. 
Seed yield means followed by different letters indicate a statistical difference at the 0.10 probabiity level. 
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VERNONIA GERMPLASM lMPROVEMENT 

T.A. Coffelt, D.A. Dierig, and A.E. Thompson, (CoUaborator) Research Geneticists; 
and F.S. Nakayama, Research Chemist 

PROBLEM: Natural epoxidied oils are potentially important for industrial use as drying agents in reformulated oil- 
based or alkyd-min psints. The United States presently marmfactures 1230 million titers of these types of paint varnishes 
nmolaly. Drying agents currently used in them are major air poUutants, releasing volatile orgaoic compounds (VOCs). 
Use of vernonia oil in these formulations would greatly reduce the VOC poUutants and create some 150,000 ha of an 
nitemalive cmp for famerj to gmw. Verrwnia galamensis is one of the smatl number of plants that contain and produce 
enough e p o x i d i  oil to make it higbly pmmisii for commercialization. V. galamemir is a native of Africa and flowers 

.. and produces seed only under short day conditions. This characteristic prevents successful cultivation of Vernonia within 
the contined US. However, we have successfully utilized an accession, subspecies galamemis, variety p e t i b ,  that 
will flower any time of tbe year, to produce hybrids containing this trait. The objective of this research is to develop 
highyielding germplasm adapted to the U.S. through hybridhtion and selection and to evaluate Vemonia's agronomic 
potential as a new oilseed crop. 

APPROACH: Flowering, plant, &I, seed, and yield characteristics of 11 populations developed from hybrids between 
Vcrnonia galamensis var. peritiana (day neutral flowering) and var. erhiopiar (shortday flowering), and IhepetirioM 
parent were de&mined at six l 4 o n s :  Phwnix ad Tuscon, Ariuma: Medford, Oregon; Ft. Stochion, Texas; Lexington, 
Kentucky; and Pdersburg, Virginia, in 1995. Ten of the populations and two of the parental lines were evaluated in 
replicated tests at Salta Arg*. An additional 12 populations were evaluated at Phoenix and Tucson in replicated yield 
tests and another 12 populations at Phoenix in an unreplicated test. A planting density test was conducted at Tuscon by 
vatying plant spacing within the mws, which were 1 m apart. Plant populations were established at 15,000, 30,000, and 
60,000 plnnb per ha using spacings of 0.15 m, 0.30 m, and 0.60 m, respectively, in an RCB design with four replications. 

Various controlled greenhawe cmsses and backcrosses were made between day-neutral hybrids and shortday flowering 
varieties to impmve flowering and seed traits. Progenies were field planted at USWCL this past summer for evaluation 
and further selection. 

Seed hss been sent to ARS, NCAUR. Peoria, Illinois, for fatty acid analysis. NMR equipment ban been calibrated for 
doing in-house total oil analyses. Selections made here and at other locations were increased over the winter at the 
USDA-ARS facility, Isabela, Puerto Rico. 

FINDINGS: Results fium the 1994 Uniform Vernatia Yield Trials were analyzed by location and across the six iocations 
(Medford, Oregon; Ft. Stockton, Texas; Columbia, Missouri; Petersburg, Virginia; Phoenix, Arizona; and Salta, 
Argentina). Severe whitefly and disease pressure at the Phoenix location resulted in only flowering data being collected 
at this location. Results showed that locations differed for all traits with Virginia and Missouri higher in yield and 
Argentina higher in 1029 seed weight ad total oil cotllent (table I). The A0399 check had more flowerslplaot; 29E-OW- 
14 and 66C-1-9 higher yields; 15D-10-12, 29E-OW-14, and 66C-1-9 larger seed; and 29E-OW-14 more total oil (table 
2). There were significant location x entry interactions for number of plants flowering at 81 DAP, yield, and total oil 
content, indicating variability in stability for these traits among the populations. Results for the 1995 field tests are s t 3  
being collected, but p r e l i  data indicate similar findings. 

Selections were made within hybrid and backcross populations based on flower head size, seed size, disease and insect 
resistance, and numher of flower heads per plant. These selections were harvested and then planted in a winter nursery 
at USDA-ARS, Puerto Rico. 

m R P R E T A T I O N :  Hybrid lines have been identified that have nearly the same flowering response as the donor 
parent of this trait, A0399 var. peririoM. A0399 cannot be strictly called a day neutral variety since a response in the 
amount of flower heads pmiuced is dependent on day length. However, variation was seen within this variety, allowing 
further selection and backcrossing onto the hybrids. The barrier to growing Vernonia in the U.S. has been overcome 
thmugh this hybridiiion, but improvement is stiil necessary for future commercialization. Significant improvement in 
the other traits studied also can be made thmugh further selection within these populations. The significant population X 
environment interactions indicate the impottance of evaluating these populations in multiple environments. Lines for 
commercial production may have to he selected in the environment where they will he grown. The higher seed weights 
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nnd Mal oil contents fmm Argentina m y  be due to the fact that only mature flower beads were harvested at this location. 
This m y  also account for the lower total yield observed in Argentinn compared to the U.S. locations. 

Although plants m y  have flowered earlier in the 0.60-m spacing, toward the end of the season those plants appeared 
to be the pwrest petformem. As plan& mature the stems become brittle. There aeems to be an advantage to apace plants 
closer, possibly to provide aupport for other plants. The closer spacing may also force flowering on the top and outside 
canopy, aUowing better plant architecture for harvesting. 

The comparison of F1 plants to hybrids from later generations for flower bead and seed size indicates that some 
inbreeding depression occurs. Tbe backcms poptlations have succrnsfuUy increased the number and size of flower beads 
per plant. Further improvement should be possible in successive backcross generations. 

FUTURE PLANS: F i c i a l  support from the "Advanced Materials from Renewable Resources Pmgnun" from the 
Depdment of Defense, through the CSRS, Office of Agricultural Materials, was obtained for a second year (FY95) to .. . support Vernonia research. These funds are being utilized to support faster germplasm increase through the winter 
nursery in Puerto Rico and cooperative tests at other locations. In Spring, 1996 we will gmwaut selections presently 
being increased in Puerto Rico. These will be evalunted at multiple locations as in this past year. Development of 
culturn1 practices for the various locations wiU be expanded. We also will try to initiate seed dormancy studies on selected 
lies. 

COOPERATORS: T. Abbott aod B. Phillips, USDA-ARS-NCAUR, Pwria, 1L; D.T. Ray and W. Coates, Univ. of 
Arizona, Tucson; M.A. Foster, TAES, Texas A&M, Ft Stockton, TX, R J .  Roseburg, Oregon State Univ., Medford, 
OR; D. Hildebrand, Univ. of Kentucky, Lexington, KY; H.L. Bhnrdwaj, Virginia State Univ., Peteraburg, VA; A. 
Sotomayor-Rios, ARS, Mayaguez, PR, R. Ayem,  Agropecuaria El Valle S.A. 
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Table 1. Mean vemonia yield, seed weight, and seed oil content of five locations in 1994. 

Location 

I Texas I 303 I 2.55 I 37.8 I 

Virginia 

I Oil (%) Yield (kgChs) 

820 I 2.82 38.1 

Table 2. Mean vemonia yield, seed weight, and seed oil content of eight hybrid populations and the A0 399 parent from 
five locations in 1994. 

Seed Wt. (jg1000) 

Missouri 325 2.76 37.2 1 
. . 

I LSD I 115 I 0.13 I 1.4 I 

Argentina 

LSD 

- 

Line 

14D-2-5 

15D-10.12 

29E-OR2-14 

35A-2-9 

155 

86 

Yield (kgChs) 

397 

435 

575 

434 

3.31 

0.10 

Seed Wt. (jglW0) 

2.76 

3.01 

2.96 

2.74 

41.7 

1 .O 

Oil (%) 

37.1 

38.9 

40.2 

38.3 
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ELECI'ROMICS ENGINEERING LABORATORY 

D.E. Pettit, Electronics Engineer 

The electmnics enghm%h~g laboratory is staffed by an electronics engineer whose duties include design, development, 
evaluation, and calibration of electronic prototypes in support of U.S. Water Conservation Laboratory research projects. 
Other responsibilities include repairing and modifying electronic equipment and advising staff scientists and engineers 
in the selection, purchase and upgrade of electronic equipment. Following am examples of work orders completed in 
1995: 

Design and constructed six interface controller boxes between Batch Controller and Solenoid Valves used in the 
FACE experiment. . . 
Constructed four battery charger boxes with batteries and multiple D.C. power distribution boards c n n ~ g  
lightning surge protection for use in the FACE experiment. 

Rewired the large valve box to SDM-CD 16 control module for the Campbell CRlO data logger control used in the 
FACE experiment. 

Designed and wnstmctgi the tone genemtor that is mounted to and used with the minicamera systemlfrme grabber 
for the FACE experiment. 

Repaired and modifik a variety of equipment thmughout the year, including CR21X data loggers and CR7 data 
loggers, various IRT hand-held guns, polycorders and plycorder cables, the convection oven, the Oxford Nuclear 
Magnetic Resonance Unit, anemometers, A C02 controller system, and A COzIR analyzer unit. 
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COMPUTER FACILITY 

T. A. M i s ,  Computer Specialist 

The Comptter Facility is staffed by one full-time computer specialist and one computer assistant. Suppart is pmvided 
to all Laboratory and Location Administrative Office computer equipment and applications. The facility is responsible 
for mmmending, prchas'mg, instding, configuring, upgrading, and maintaining the Laboratory's Local and Wide Area 
Networks (LAN, WAN), computer systems, and peripherals. The LAN is composed of eight 10Base-T hubs connected 
to a standard Ethernet backbone providing 96 ports. A local router and a 56kbs lease lime to Arizona State University 
provide a gateway to the Internet WAN. The Laboratory has an Internet Class C IP address and operates under the 
domain uswci.ars.ag.gov. Network UNiX services are provided by a Sun micro SPARC 20. 

. . NoveU Netware 3.12 contLures to provide most of the network services. The NetWare network consbts of a p h m r y  
file server with six gigabytes of storage, a haclap server with two 10-gigabyte tape drives. Remote communications are 
pmvided with NetWiue Asynchmnous Communication Services (NACS) and NeNare Access Services (NAS). E-mail 
to the Internet is provided through NoveU's Mail Handler System (MHS) and an SMTP server. 

Enhancements FY 9.7 

The MHS and SMTP servers were added to provide desktop E-mail to the Internet. Two Microsof? Windows 3.5 NT 
servers were brought online. One of the NT servers hosts the Laboratory web server (www.uswcl.ars.ag.gov). The 
NetWare backup server also was added this year. 

Projections for FY 96 

The focus this year will he on better remote access to the Laboratory LAN. Better methods for di&g in and out are 
currently being evaluated. Improved cross-platform integration and resource sharing also will he implemented. New 
network management and analysis s o h a r e  also will he place in operation. 
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LIBRARY AND PUBLICATIONS 

L. S. Seay, Publications Clerk 

Libnuy aod plblications functions, performed by one publications clerk, include maintenance of records and files for 
publications & o d  by tbe Laboratory Research Staff, including publications co-authored with outside researchers', as 
well as for holdings of professional journals and other incoming media. Support includes searches for requested 
plblicatinns aod materiais for the Staff. Libmy holdings include approximately 1700 volumes in various scientific fields 
related to agriculture. Holdings of some professional journals extend back to 1959. 

The U. S. Water Conservation Laboratory List of Publications, containing about 1900 entries, is maintnined on 
PROCITE, an automated bibliographic program. The automated system provides for sorting and printing selected lists 
of Laboratory publications and is now accessible on LAN by the Research Staff. Publications lists and most of the 
publications listed therein are available on request. 

' ~ ~ ~ e n d i x  A lists manuscripts published or formally accepted for publication in 1994 andlor 1995. 
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C.L. Lewis, Machinist 

Tbe machine shop, staffed by two full-time machinists, provides facilities to fabricate, assemble, modify, and replace 
experimental equipment in support of US. Water Conservation laboratory research projects. Following are examples 
of work orders completed in 1995: 

Two free-standing 2LLfoot spiral staircases were constructed and erected to provide access for data collection at the 
upper levels of the orange tree chambers. The staircases are fabricated from cold rolled steel and are equipped with 
drawbridge style wallcways connecting the staircases to the chambers. 

. . 
Four steady-state canopy gan exchange systems were fabricated for continuous monitoring of carbon and water vapor 
exchange rates for the FACE experiment. The chambers are 130cm by 100 cm by 75cm. of aluminum frame 
construction, and have mounting brackets for instrument attachments. The frames are equipped with plexiglass 
panels 59cm by lOOcm with ports and flanges for tubing attachments. 

Twenty chombers were fabti'cated for soil CO, flux sampling. The chambers are constructed fmm 8" diameter 
schedule 50 PVC tubing. Plexiglass covers with closedsell neoprene gaskets also were constructed. 

Seventy 30' aluminum irrigation pipes were modified to fit existing irrigation connections. The mating ends of the 
pipes were cut off, and new connectors were welded into place. Welding repair of tears and boles in the irrigation 
pipe were done at that time. 

Twelve panels of reflective staKLvd tarp moterial were constructed for the determination of bidirectional reflectance 
properties of tbe material. The panels are made of 2' by 2' 114 inch plywood and are painted with a non-reflective 
flat black paint. The tarp material is attached to the panels with metallic staples placed 1116 inch from the panel 
edge. 
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